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ABSTRACT 
Combined experimental and modeling efforts have been extremely productive in 
understanding irradiation-induced displacement damage in metal and metal alloy systems. In 
order to help understand the fundamental mechanisms of irradiation-induced defect formation 
and evolution in nuclear fuel, similar combined modeling and experimental efforts have been 
carried out. Ceria (CeO2) was selected as a surrogate material for Uranium Dioxide (UO2) due 
to its many similar properties. Lanthanum (La) was chosen as a dopant in CeO2 to investigate 
the effect of impurities in a controlled manner. The presence of La in the CeO2 lattice 
introduces a predictable initial concentration of oxygen vacancies, making it possible to 
characterize hypo-stoichiometric effects in CeO2. The influence of two La concentrations, 5% 
and 25%, were examined. 
Radiation damage was induced using low energy ion implantations and high energy ion 
irradiation experiments, where the ion beam energy was selected for high displacement 
damage levels and/or high levels of implanted Xe or Kr.  A combination of in situ TEM 
(Transmission Electron Microscopy) and ex situ TEM experiments were used to study the 
evolution of defect clusters and the influence of two common fission products, Xe and Kr. 
The irradiations were performed on thin film, single crystal materials so that the material 
composition and crystallinity could be directly controlled.  The irradiation damage caused the 
formation of complex microstructures with dislocation loops, voids or bubbles, and 
dislocation networks at higher doses. 
The Burgers vectors of the dislocation loops were determined and the loops were found to be 
mainly [111] type Burgers vector pure edge loops. They have been tentatively identified as 
interstitial type. La, as an impurity, has revealed a strong defect trapping effect.  
Various sets of quantitative experimental results were obtained to characterize the dose and 
temperature effects of irradiation. These results also help to benchmark simulation codes 
being developed with a kinetic Monte Carlo model. These experimental results include size 
and size distributions of dislocation loops, voids and gas bubble structures created by 
irradiation. More importantly, this systematic experimental work has provided key insights 
into the understanding of the mechanisms of defect evolution in the materials investigated. A 
model including both defect production and annihilation mechanisms has been proposed to 
explain the observed defect kinetics in the lower dose regime. A coalescence driven model 
has been proposed for void/bubble growth in the higher dose regime. Experimental results 
also revealed that lanthanum trapping has significant influence on the void/bubble growth in 
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the CeO2 lattice. Lattice and kinetic Monte Carlo calculations have provided key insights to 
the interpretations of experimental results. 
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CHAPTER 1. INTRODUCTION 
Fundamental understanding of oxide nuclear fuel (Uranium Oxide and Mixed 
Uranium/Plutonium Oxide) has always been of major interest in order to evaluate and predict 
in-reactor fuel performance and associated processing and storage issues for spent nuclear 
fuel. Conventional methods, modeling tools and fuel performance codes have relied mostly 
on chemical rate theories, empirical data and experimental data to model fuel performance. 
These modeling efforts were based on macroscopic evaluations of fuel performance from 
experimental fuel evaluation work carried out primarily before the 1990’s. In the last two to 
three decades, modeling work based on atomic scale simulations of nuclear fuel has been 
carried out. However, this subject remains a big challenge today due to the unavailability of 
reliable atomic potentials, which are used to predict multiple mechanical and thermodynamic 
properties, defect chemistry and defect transport phenomena. The experimental work to 
provide a fundamental foundation for the atomic-level modeling efforts has been lacking. 
Experimental techniques have always been extremely important in understanding behaviors 
of materials on the microscopic level. Ion irradiation / implantation techniques have been 
widely used to simulate neutron damage and other irradiation damage to fuel cladding 
materials. Fewer such experiments have been done on the fuel materials side. The fuel 
irradiation damage issues are complicated by the fact that atomistic-level damage is due not 
only to neutrons and gammas, but the extremely energetic fission products.  This, coupled 
with the complex atomic arrangements in ceramics and the large thermal gradients that form 
as a result of poor thermal conductivities, makes atomistic-level fuel performance modeling in 
ceramic fuels a major challenge. The development of various techniques such as 
Transmission Electron Microscopy (TEM) has created new opportunities to provide reliable 
experimental data and significant insights to guide the modeling work. 
Several oxides adopt the fluorite structure, i.e. Zr (when stabilized, especially with Y), Th, Hf, 
Ce, U and Pu.  Fluorite structure oxide materials exhibit similar properties such as high 
radiation tolerances, high thermal stabilities, etc. Cerium oxide has attracted a lot of attention 
in the past decade for being a good surrogate material for studying uranium oxide because it 
has the same crystal structure and many similar material properties, such as melting 
temperature (UO2: ~2870, CeO2: ~2600) and thermal diffusivity, well characterized up to 
700 [1] [2] [3] [4] [5] [6]. Cerium has also been studied as a promising candidate surrogate 
for Pu in studying Mixed Oxide (MOX) fuel [7]. Therefore, it is important to understand the 
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displacement damage process and the trapping, clustering and diffusive mechanisms of 
defects associated with radiation damage in this material.  
The focus of this investigation is essentially two fold. The modeling side of this study aims to 
validate and compare available atomic potentials for ceria, to develop a solid computational 
model to simulate thermal diffusion of oxygen in lanthanum doped ceria, and then to develop 
a preliminary model for fission gas diffusion in the system. The experimental side of this 
study includes ex situ TEM work to study irradiation-induced defects and defect clusters, and 
their interactions with implanted fission gas species. The experimental plan also includes in 
situ TEM work to characterize both bubble formation and bubble nucleation at low 
implantation energies, along with ballistic displacement damage at high energy that simulates 
fission gas damage to the ceramic material before it comes to rest in the lattice. Especially 
interesting is that the presence of the lanthanum dopant induces oxygen vacancy defects due 
to its alternate bonding nature. Given the chemistry of ceria doped with tri-valent dopants [8] 
[9], the vacancies induced by lanthanum doping will help reveal the non-stoichiometric 
effects in ceria to the hypo-stoichiometric end. As one of the possible fission fragments, La 
can also help reveal the effect of fission fragments inside nuclear fuel material systems. 
Chapter 2 of this dissertation provides a brief review of the relevant background which offers 
guidelines and insights into the aims and approaches of experimental work in this study. 
Chapter 3 provides a discussion of the objectives of the work followed by a description of the 
approach for the study. Chapter 4 presents some helpful background information about the 
experimental specimens, techniques and conditions so that the reader can better understand 
the detailed experimental results. Chapter 5 and Chapter 6 give detailed discussions of the 
experimental results and focus on the various defect structure effects found in this study. 
Chapter 7 then provides preliminary modeling and simulation results that help support the 
explanations offered in the Chapters 5 and 6. Finally, Chapter 8 wraps up the dissertation with 
a set of conclusions and also suggests some future work which may help resolve some of the 
unresolved questions opened by this investigation. 
In addition, the appendices present more of the detailed original experimental results which 
were too extensive to fit well into the main chapters of the dissertation. The intention of the 
appendices is to show all the relevant results so that the reader may generate their own 
insights towards the subject of study. The appendices also can help the reader better 
understand the investigation as a whole. 
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CHAPTER 2. BACKGROUND 
Extensive experimental and theoretical efforts have been devoted to understanding 
irradiation-induced defects and fission gas behavior in various fluorite ceramic materials. 
However, there are only a few that studied irradiation related effects in ceria. Most of the past 
interests in ceria and doped ceria materials involved studying the catalysis of these materials 
and their applications for oxygen sensing and storage in the automobile industry. These 
studies have shed significant insights into the understanding of defects and defect chemistry 
in ceria-related materials that are essential to this study. 
2.1 Materials Properties, Defect and Defect Chemistry in Ceria and Ceria with 
Trivalent Dopants 
Ceria (CeO2) has been extensively studied for its use in catalysis in automobile 
exhaust/emission systems [10]. More recently, there has been a significant interest in studying 
doped CeO2 for both its high electrical conductivity and its high thermal stability. Therefore, 
doped ceria has been identified as a promising candidate for fuel cell electrodes [10]. 
The dioxide CeO2 crystallizes in the fluorite structure, which is named after the mineral form 
of calcium fluorite. It has a face-centered cubic cell (f.c.c.) with space group Fm3m 
(a=0.541134(12) nm). In this structure, each cerium cation is coordinated by eight equivalent 
nearest-neighbor oxygen anions at the corner of a cube, with each anion being tetrahedrally 
coordinated by four cations. A schematic diagram can be found in reference [9].  
While ionic conductivity in pure ceria is believed to be negligible and the observed values 
strongly depend on the level of impurities, the ionic conductivity increases significantly when 
ceria is doped with aliovalant oxides such as CaO, Y2O3 and La2O3. The extremely open 
structure of the fluorite assembly tolerates a high level of atomic disorder, which may be 
introduced by doping or by irradiation. When ceria is doped with a trivalent solute (e.g. La2O3, 
Y2O3), the crystal lattice must compensate for the excess negative charge. It can do so, in 
principle, by three mechanisms, referred to as vacancy compensation, dopant interstitial 
compensation and cerium interstitial compensation [9] [10]. Empirical calculations carried out 
for trivalent cations show that vacancy compensation is clearly the preferred route, at least for 
large dopant cations (radius > 0.8 angstrom) [11]. Formation of interstitials is also ruled out 
by measurements of true density and comparisons with calculated values [12] [13]. This 
vacancy compensation mechanism can be represented by the following equation (the equation 
is written in kinks notation): 
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.  	1       0.5 ..  	1    	2  0.5 
This reaction implies that when x/2 moles of dopant oxide () are added, the  sites 
of CeO2 are filled with x mole of dopant cation and 1-x mole of host cation . Similarly, 
 sites are occupied by 0.5x moles of vacancies and (2-0.5x) of host anion . Therefore, 
a predictable concentration of oxygen vacancies is introduced into ceria by doping with 
trivalent solute with a controlled concentration. Thus, doping ceria with a trivalent solute such 
as Lanthanum (La) can help create an oxygen vacancy environment that is similar to the 
hypo-stoichiometric configuration. It is needed, though, to characterize the defect 
configurations inside such a system with oxygen vacancies in order to further understand the 
performance of La-doped ceria both thermally and under irradiation. Fortunately, there have 
been a large number of investigations in line with this topic and a selection of these studies is 
reviewed here.  
Both experimental and modeling techniques have been applied to investigate the clustering of 
oxygen vacancies in ceria with trivalent dopants. In a detailed report on experiments on 
  , Wang et al. showed that in the dilute range (x<0.02), charged dimmers 
	 :  .. .  form [14]. Gerhardt-Anderson and Nowick extended this work to other 
:  solid solutions by using ac measurements and complex impedance analysis [15]. 
They found that the maximum conductivity was obtained for "# doping. In addition, by 
analyzing their results in terms of charged dimer clusters, they suggested that conductivity 
and dimer binding energy vary inversely with dopant cation radius. Kilner and Brook 
concluded that the contribution of elastic strain energy to the binding energy of dimer is large, 
due to the size mismatch between the host and the dopant cation [16]. Subsequent theoretical 
studies emphasized the importance of defect clustering in the determination of the free carrier 
concentration, and hence conductivity, in the fluorite oxides [17] [18] [19]. The work 
conducted by Minervini pointed out that at higher dopant concentration, the neutral trimer 
	2 :  .. $ must also be considered [11]. This is because the probability that a vacancy has 
more than one dopant ion close to it rapidly increases with dopant concentration so that for 
concentrations beyond a few percent, it is no longer meaningful to consider only the 
association of an oxygen vacancy to a single dopant ion. 
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2.2 Simulation Work on Ceria Related Materials and Other Fluorite Structure 
Materials: Lattice, Molecular Dynamics and Kinetic Monte Carlo 
Simulations 
Simulation techniques have been widely used nowadays to study thermodynamics properties, 
defect structure and clustering, transport phenomena, defect dynamics and even radiation 
effects in materials on various length and time scales. Techniques such as first-principle 
density functional theory (DFT), molecular dynamics (MD) and lattice calculations, kinetic 
Monte Carlo (KMC) and (chemical) rate theory each have their own unique advantages and 
limitations. A classical illustration of the time and length scale at which each of the above 
mentioned techniques are applicable can be found in reference [20].  
In this work, lattice calculations, molecular dynamics and kinetic Monte Carlo techniques are 
used to estimate defect migration energies and model defect association/clustering and defect 
transport phenomena. In order to demonstrate the relevance and feasibility of this approach, 
past literature on the application of the associated techniques are reviewed here. 
Since the 1970s, molecular dynamics techniques have been widely used to predict material 
properties. Many studies have been conducted on metal and metal alloy systems provided that 
there have been well developed inter-atomic potentials which are essential to MD simulations. 
However, simulations of ceramic oxides have been comparatively more difficult and more 
unreliable because of the controversies in simulation results compared with experimental data. 
This could be attributed to the lack of reliable inter-atomic potentials in oxide materials. As a 
result of the technical importance of nuclear fuel, a series of work have been done to model 
thermodynamics and defect chemistry of UO2 [21-30]. A very extensive review was provided 
by Govers et al. [31] [32], where all available potentials on UO2 were compared.  
However, none of the potentials reviewed by this work could predict all material properties, 
including mechanical properties, thermodynamics, defect energetics and defect transport 
properties. For instance, oxygen vacancy migration energy values obtained from simulations 
using different potential range from 0.1 eV to 0.7 eV while the experimentally measured 
value is 0.5 eV. Oxygen interstitial migration energy values range from 0.1 to 3.6 eV while 
the experimentally measured value is 0.9-1.3 eV. Prediction on specific heat at both the low 
temperature range (< 250K) and the high temperature range (> 2500K) differed from 
experimental value by ~100% and 50% respectively. The huge discrepancies show the 
unreliability of these potentials. This could be attributed to the fact that all potentials were in 
fact obtained by fitting to some experimental mechanical properties, such as lattice constant, 
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lattice energy, zero and high frequency dielectric constants and second order elastic constants, 
etc. As most of the potentials were fitted without including defects energetic and variables 
directly related to the dynamics, the discrepancies on predicting these parameters are likely 
unavoidable. It is therefore observed that testing a potential on whether or not it can predict 
the dynamics and transport properties is critical to judge the applicability of that potential to 
modeling thermal transport and defect dynamics in an oxide material.  
Compared with the fact that there are nineteen interatomic potentials available for UO2, there 
are only several potentials available for CeO2, and even fewer with dopant parameters. 
Through extensive literature survey, only eight available potentials for ceria were found. Six 
potentials were selected for this study. In lattice or MD simulations, pair potentials are 
commonly used to describe the interactions between cations and anions in the oxide systems. 
Similar to the case of UO2, all the potentials that researchers have used for CeO2 are in two 
forms. One form consists of the addition of a Buckingham term to the Coulomb term. It can 
be described by the following equation: 
%&	' ( )%)&

4+,-  .%& exp 2
r
ρ45
6  C45r8   
where V(r) is the pair potential, r is the distance between atoms i and j, )% and )& are 
the charges of atoms i and j. .%&, :%& and %& are parameters that are obtained by fitting 
to the many material properties. Also, polarization effects are taken into account by 
means of the core-shell model of Dick and Overhauser [33]. In this model, ions are 
described as a massless charged shell bound to a massive core by a spring. The other 
form has been developed to model the covalent bonds between anions and cations. It 
consists of the addition of a Morse potential (describing the covalent bond) to the 
Buckingham potential acting between anions and cations. The potential is then 
expressed by the following equation: 
%&	' ( )%)&

4+,-  ;-<b4  b5>exp 	
a4  a5  r
b4  b5  
C4C5
r8   
again, @% , @&, A%, A&, B% and B& are parameters obtained by the fitting procedures.  
Table 2.1 and table 2.2 list the parameters of the available ceria potentials. The lanthanum 
dopant potential is chosen to reproduce the unit cell volume of the oxide of lanthanum La2O3 
(formal charge of +3 is assumed for La). 
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parameters units potentials 
  
Butler - 
original 
[18] 
Butler - 
modified 
[34] 
Minervini 
(modified 
from Vyas 
potential) [11] 
Vyas [9] Gotte [35] 
O Shell charge e -2.83 -6.1 -2.04 -2.04 -6.5667 
O Core charge e 0.83 4.1 0.04 0.04 4.5667 
O spring constant eV/ Å

 257.89 419.9 6.3 10.3 1759.8 
Ce Shell charge e 9.38 7.7 4.2 4.2 4.6475 
Ce Core charge e -5.38 -3.7 -0.2 -0.2 -0.6475 
Ce spring constant eV/ Å

 201.62 291.75 177.84 177.84 43.451 
O - O interactions       
A eV 22764.3 22764.3 9547.96 9547.92 9533.421 
ρ Å 0.149 0.149 0.2192 0.2192 0.234 
C eVÅ
8
 43.83 43.83 32.0 32.0 224.88 
O - Ce interactions       
A eV 1986.83 1986.83 1809.68 2531.5 755.1311 
ρ Å 0.35107 0.35107 0.3547 0.335 0.429 
C eVÅ
8
 0.0 20.4 20.40 20.40 0.0 
O - La interactions       
A eV 1644.98  2088.79   
ρ Å 0.36196  0.3460   
C eVÅ
8
 0.0  23.25   
Table 2.1. Shell-core pair potential parameters of CeO2 (Buckingham form) 
Ion Parameter 
 Charge (e) a (nm) b (nm) 
c 
(C/EFFGH/  
Ce 2.700 0.1330 0.00454 0.00 
O -1.350 0.1847 0.0166 1.294 
La 2.025 0.14655 0.00620 0.00 
Table 2.2. Pair potential parameters for CeO2 (Morse + Buckingham form) [36] 
Murray et al. carried out one of the original investigations on modeling ionic conductivity in 
doped ceria by employing a Monte Carlo algorithm [37]. In the simulation, it was shown that 
the oxygen vacancy migration energy barrier is sensitive to the local dopant environment and 
that a first nearest neighbor approximation could generate ionic conductivity results that are 
somewhat consistent with earlier experimental results. However, at lower temperature (455K), 
calculated ionic conductivity is an order of magnitude higher than experimental values, which 
indicates an underestimation of the oxygen vacancy migration energies. Pornprasertsuk et al. 
further rationalized this KMC approach by calculating binding energies of oxygen vacancy 
and dopant ion in Yttria stabilized Zirconia (YSZ) [38]. They showed that the association of 
oxygen vacancies and dopant ions (in this case, ) is sufficiently large compared to the 
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oxygen vacancy migration energy barrier to make oxygen vacancy migration energy barriers 
dependent on local dopant environment.  
In order to accurately model irradiation-induced defects, their interaction with fission gas and 
defect/fission gas transport, it is essential to establish confidence for modeling thermal 
transports of defects as a first step. A kinetic Monte Carlo (KMC) model driven by defect 
migration energies obtained from lattice calculations is proposed later in this dissertation to 
test the reliability of lanthanum doped ceria potentials. The above-mentioned literature will be 
revisited and their data presented in later sections of this dissertation. 
2.3 Transmission Electron Microscopy Studies on Ion 
Irradiation/implantation-induced Defects and Fission Gas Kinetics 
Transmission Electron Microscopy (TEM) has long been recognized as a powerful tool in 
materials research. This technique is especially useful in the sense that it provides a means to 
observe microstructures in materials at very high resolutions (cutting edge technology 
microscope nowadays can reach an extremely high resolution of ~0.3 angstrom). The 
application of TEM to defect analysis in both metals and oxides is broad and well established 
[39]. In studying ion irradiation/implantation induced defects in materials, TEM, together 
with other experimental techniques such as Rutherford Backscattering Spectrometry (RBS), 
can help reveal not only in-depth information of implanted species, nature of the defects (e. g. 
interstitial dislocation loops) and damage, but also key features of the defects on the 
microstructure level. In situ TEM technique can also enable real-time observation of 
microstructure evolution of defects under irradiation, yielding extremely valuable insights 
into defect kinetics and transport phenomena. As TEM experiments are critical elements of 
this work, an extensive review of relevant literature is provided here.  
2.3.1 Past TEM Works on CeO2 
Ceria and doped ceria have been well studied for their applications in catalysis, oxygen 
storage and fuel cell electrolyte. However, relatively few studies have been conducted on their 
radiation tolerance and irradiation effects. Sonoda et al. studied electronic excitation effects in 
ceria under high energy fission gas ion irradiations and high energy electron irradiations [1] 
[5]. In their works, ceria was studied to simulate uranium dioxide. The purpose of their works 
was to clarify the formation mechanism of the “rim structure” in LWR reactor fuels, which is 
believed to be an accumulation of radiation damage, fission products and electronic 
excitations deposited partially by nuclear fissions. In order to separate these effects well, 
Sonoda et al. used 70-210MeV high energy fission product-type ions to irradiate sintered 
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CeO2 specimens and found that the affected area is about a 5-7nm diameter around fission 
product ion tracks. They also concluded that the structure of CeO2 remains single crystalline, 
although elliptical deformation of diffraction spots suggest the existence of textured gains and 
small angle boundaries. The group also studied nucleation and growth of defect clusters in 
CeO2 under electron irradiation (200 – 3000keV electrons with fluence up to  8 J
10 electrons/cm at temperature below 450K) [3] [4]. Using R · T analysis, they identified 
oxygen ion interstitial defect clusters lying on (111) planes when the electron energy is below 
1250keV and interstitial type dislocation loops on (110) planes when the electron energy is 
1.5MeV, 2.0MeV and 3.0MeV. The investigation also discovered that electron irradiation 
with energies greater than 1.5MeV induces not only O ion defects, but also Ce ion defects, 
and estimated threshold displacement energies of Ce sublattice and O sublattice are 44-58eV 
and below 33eV respectively. The current study complements the above reviewed work by 
further investigating irradiation effects in CeO2 related materials, in particular, the fission gas 
ion irradiation effects. 
2.3.2 Past TEM Works on UO2 
In studying irradiation effects in CeO2 and eventually relating back to irradiation effects in 
UO2, it is necessary to review earlier work done on UO2. This work provides not only results 
for comparison (for further justifying CeO2 as a good simulate for UO2), but also important 
insights into the mechanisms behind different phenomena such as irradiation-induced 
polygonization, fission product precipitation, bubble swelling, radiation assisted diffusion, etc.  
Matzke et al. studied irradiation-induced polygonization with 500keV U  irradiated UO2 
specimens cut from sintered UO2 fuel pellets [40]. After a fluence of 5 J 10 VGEW/BF, 
initial polygonization started to be seen. High-resolution TEM (HR-TEM) revealed formation 
of small subgrain crystallites rotated by a small angle (1°~2°) at this fluence. HR-TEM, 
together with diffraction patterns, at an irradiation fluence of 1 J 108 VGEW/BF showed that 
the subgrains eventually develop into individual grains with larger rotation angle due to 
accumulated strain fields caused by increased dislocation densities.  
Nogita et al. examined specimens prepared from reactor fuel rods base irradiated in a BWR 
commercial reactor and a PWR test reactor [41]. The specimens were taken from the 
periphery of the reactor fuel rods where the “rim structure” was observed by TEM 
investigations. The researchers concluded that the formation of the rim structure is directly 
related to the accumulation of radiation damage and characterized by sub-divided grains with 
20-30nm size and high angle boundaries. In the specimens irradiated at a relatively low dose 
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(44GWd/t fuel), tangled dislocation networks with low angle boundaries were formed due to 
inhomogeneous accumulation of dislocations. These results are somewhat consistent with the 
observations of Matzke [40], although recrystalization has been observed in Nogita’s work 
only. In a later work, Nogita et al. investigated small intragranular bubbles on the outer 
regions of nuclear fuel pellets, again, connected with the “rim structure” [42]. 4-8nm size Xe-
Kr bubbles were identified together with five other fission product metal particles. By 
combining nano-diffraction and EDX (Energy-dispersive X-ray Spectroscopy) techniques, the 
researchers found that Xe is present in the small intragranular bubbles in solid or near solid 
state at very high pressure. 
Sattonnay et al. studied the behavior upon annealing of He and Xe implanted into UO2 single 
crystals at a concentration of ~1 atom% with in situ TEM techniques [43]. It was found that 
Noble gas bubbles with a size of ~25nm for He and 3-5nm for Xe were formed at annealing 
temperature of 600 for He and 400 for Xe. The contradictory results compared to earlier 
theoretical work, which suggested that Xe bubbles form at higher annealing temperatures than 
He bubbles, was explained by a two orders of magnitude difference in irradiation-induced 
damage and diffusion mechanisms involved in the diffusion of both species. Xe is believed to 
substitute uranium atoms on the uranium sublattice and it diffuses via a vacancy assisted 
mechanism, whereas He occupy octahedral interstitial positions in UO2 lattice and therefore 
diffuses via a interstitial mechanism [44] [45].  
Sabathier et al. also investigated temperature induced fission product precipitation in UO2 by 
in situ TEM recently by implanting Xe and Cs [46]. The TEM observations showed that Xe 
and Cs implantations produced similar extended defects at similar fluences. The formation of 
defects is consistent with earlier work. The microstructure is characterized by clustering of 
point defects which develop into prismatic dislocation loops during the initial stage of 
irradiation. A tangled dislocation network formed later on with defect clusters accumulating. 
The conditions for Xe precipitation were determined to be about 870K for 0.4atom% Xe 
concentration and about 670K for 2atom% Xe concentration. The threshold temperature for 
Cs precipitation was determined to be around 770K for 2atom% Cs concentration.  
2.3.3 Past TEM Works on YSZ 
Yttria stabilized zirconia (YSZ) has been studied extensively on its performance under 
irradiations as YSZ is recognized as one of the most radiation tolerating materials and 
therefore a good candidate for inert fuel matrix for transmutation of actinides. When 
stabilized with yttria, zirconia has a cubic fluorite structure phase. This is especially relevant 
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to this proposed study, as yttria, a trivalent dopant, induces oxygen vacancies in YSZ the 
same way as lanthanum does to ceria. A series of works are therefore reviewed here to 
provide insights for the current study. 
Fleischer et al. examined the microstructure of single crystal YSZ (9.4 mol% of Y2O3), which 
corresponds to (['-.\ -..-) subjected to 240keV U  irradiation (at room temperature) 
using TEM and Rutherford backscattering spectrometry (RBS) [47]. It was found that low 
dose implantation produce an increase in hardness of YSZ and then a decrease in hardness 
when dose reaches higher level. It was also observed that at very high dose (1 J 10] U/
BF), YSZ was not amorphized even though the microstructure showed significant damage. 
Evidence for YSZ recrystalization and the presence of solid and liquid state Xe precipitate 
were also found by additional diffraction spots in TEM Selected Area Diffraction (SAD). 
During the irradiation, the induced damage reached a saturation level as discovered by RBS 
measurements between 7.5 J 10 and  3 J 108U/BF, and during this irradiation period, 
YSZ was found to soften. 
Yu et al. applied in situ Rutherford backscattering and ion channeling (RBS/C) technique to 
characterize the damage on single crystal YSZ (again, 9.4mol% Y2O3) induced by 400keV 
U  at both room temperature and -90   [48]. TEM was also used to look at the 
microstructures of the irradiated single crystal as a complement to the RBS/C study. The 
insights drawn from this study was rather interesting. The radiation damage behavior was 
found to be similar for YSZ at the two temperatures. The irradiated YSZ consisted of a defect 
denuded top layer of 60nm thickness followed by a highly disordered layer. The lattice 
disorder reached a saturation level in the bottom layer while its thickness extended to a 
greater depth (160nm as opposed to 110nm Xe irradiated depth by RBS measurements). The 
study demonstrated that radiation induced point defects are highly mobile and lead to the 
growth of stable defects at the depth beyond irradiated region. These results are, to some 
extent, consistent with the preliminary results from this work. 
Sickafus et al. studied radiation damage effects in single crystal YSZ (with 9.5-10.7mol% 
Y2O3) using 72 MeV ` ion beam at 300-1170K temperature range in order to simulate the 
radiation environment of heavy-ion damage due to fission events [49]. The researchers 
concluded that damage accumulation saturated at a much higher value compared to 
measurements in previous works with 400 keV U (which corresponds to a high nuclear 
stopping regime) [48]. Cross-sectional TEM investigations done at the end stopping range of 
`  irradiation damage revealed no amorphization for the highest dose irradiation ( 5 J
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10VGEW/BF at 300K) even though nano-indentation experiments found softening, i.e. a 
decrease in the elastic modulus and hardness by about 6-7%. 
Sasajima et al. also carried out experiments on single crystal YSZ (with 9.5mol% Y2O3) 
under 60keV U  irradiation from room temperature to 1200 with in situ TEM [49]. 
Similar to the preliminary results of this proposed study, the projected Xe range was deeper 
than predictions by TRIM. The discrepancy was attributed to channeling and diffusion of Xe. 
Similar to other experiments, amorphization was not observed with Xe ions fluence up to 
1.8 J 108 VGEW/BF . An interesting effect of free surface in in situ TEM was revealed: 
bubbles were formed earlier than dislocation loops at higher temperatures (above 800), 
although at lower temperatures dislocation loops were formed earlier (consistent with all ex 
situ TEM observations up to 1200). This difference was explained by the high mobilities of 
interstitials and therefore stronger annihilations at the free surface of the thin wedged 
specimens. Furthermore, the temperature and dose dependence of bubble swelling was 
estimated by the work of Sasajima. Greater values of swelling were found with increased 
fluence or temperature. 
Hojo et al. studied irradiation effects on YSZ with much high yttria concentration (21 mol% 
Y2O3). The ion irradiations were conducted using 35keV He ions and 60keV U to the final 
fluences of 1.8 J 10]VGEW/BF  and 1.8 J 108VGEW/BF , respectively. The temperature 
range was 800 to 1200 [50] [51]. Bubbles were formed for both ion species at these 
temperatures. However, dislocation loops were not formed for the case of He irradiations, 
indicating that dislocation loops formation depend on ion species.  
More recently, Vincent et al. investigated the temperature dependence of the damage induced 
by Cs ion implantation in zirconia (with 9.5 mol% Y2O3) [52]. The researchers applied 
RBS/C techniques complemented by TEM observations to characterize the amount of damage, 
the nature of defects and Cs precipitations with 300keV Cs ion beam. The study found that 
the damage build up in YSZ is strongly affected by implantation temperature at low fluences. 
At room temperature, the disorder yield increases slowly up to 3 dpa and consists of small 
isolated defect clusters. At 750, dislocation loops formed rather early. This induces an 
important damage yield to the material matrix.  At high fluence, however, the damage became 
similar for both temperatures and consisted of coherent micro-domains embedded in the 
matrix.  
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CHAPTER 3. OBJECTIVE AND THE APPROACH 
In this chapter, the objective of this investigation is clarified followed by an illustration of the 
general approach. 
3.1 Objective 
The purpose of this work, as elaborated earlier, is to model fission gas behaviors inside the 
nuclear reactor fuel material together with the impurity effects in the material lattice, 
specifically, what role the impurity species plays inside the nuclear fuel material lattice. This 
incorporates the investigations on irradiation damage produced by high energy fission gas 
atoms, the formation and growth mechanisms of fission gas bubbles, the form of  the impurity 
species inside the material lattice, and the influence of the impurity on the defect and gas 
bubble buildup. 
It should be emphasized here that this work is, in general, an Engineering investigation. As a 
result, special attentions are paid to address scientific issues with practical meanings from an 
Engineering perspective. There is a key difference between a pure scientific investigation and 
an Engineering investigation as the main objective of a scientific investigation is to de-
convolute the different effects and to drive to the purest results possible. However, an 
engineering investigation, under the context of researching fission gas transport and 
interactions with material defects, has to consider the combined effects in order to address 
practical issues in a relatively short time frame. Consider what happens in the nuclear fuel 
material when the reactor is in operation. Various fission fragments are produced by nuclear 
fission reactions. Fission fragments initially carry very high energies and travel in high speed. 
Many types of ionic irradiations are going on in the fuel material inside an operating reactor: 
alpha decays produce He ion irradiations, beta decays produce electron irradiations and high 
energy fission fragments produce their own forms of ion irradiation damage. With many 
different fission fragments, including inert gas species such as Xe and Krthat can be soluble 
in the fuel material lattice and compete with the Uranium cations against oxygen anions, the 
system is essentially at a high “disordered” state. A scientific investigation, considering the 
high “disordered” state, must separate each single type of fission fragment, look at their 
individual characteristics inside the nuclear fuel material, and consider many different 
regimes in terms of ion energy, temperature, etc. Then, a meaningful way to combine these 
effects to reproduce the conditions in nuclear fuel materials in operation must be developed. 
The scope of such a work is huge and the time frame for achieving reasonable understandings 
of the mechanisms of transport and so on would be extremely long. There are coordinated 
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efforts in the field currently ongoing to strive to achieve that goal. This dissertation research 
work, however, is trying to address a smaller scope of problems, considering some 
combination of the mechanisms and effects, and providing understandings that would be 
valuable to contribute to the benchmarking of available and developing modeling capabilities 
and to provide insights to help with the design of novel nuclear fuel forms.  
To this end, this work is designed to provide understandings to the damage caused by fission 
gas ions in their lower energy regimes, that is to say, at the energy before the gas ions come to 
a complete stop in the nuclear fuel material lattice. The associated gas transport mechanisms 
and the damage to the material in the specific region of fission fragments slowing down, often 
called the “rim” region, is investigated. The temperature, as an important parameter, is 
considered to both reflect realistic operational temperature in the “rim” region and to provide 
insights into the understanding of the mechanisms that govern the behavior of the gas species. 
More detailed discussions are provided in the following sections. 
3.2 The General Approach of the Investigation 
It is important, at this time, to discuss the general approach of this work.  
In order to understand the fission gas transport and its interaction with the defects produced 
by ion beam irradiations, it is first necessary to understand the basic chemistry of this material, 
namely, the type of defects produced by the ion beam irradiations (dislocation loops, 
dislocations, etc), the nature of the defects (interstitial or vacancy) and the composition of the 
defects in this particular case where there are multiple defect species possible in the material 
lattice.  
In general, what can be produced as point defects in this material lattice are the following: 
oxygen vacancies, oxygen interstitials, cerium vacancies, cerium interstitials, lanthanum 
vacancies, lanthanum interstitials, Xe impurities and Kr impurities. Xe is believed to be 
mainly substitutional on the cation sublattice. However, Kr prefers to stay more on the 
octahedral interstitial sublattice. The different preference would then lead to different 
behaviors of these impurity ion species. With such a complex material system, understanding 
the basic defect chemistry can be extremely difficult. These difficulties are met and explained 
in further detail in later discussions. With the TEM techniques applied in this work, the 
composition of the defect clusters would be nearly impossible to determine. Therefore, further 
investigations are needed to help characterize the composition of the defect clusters. Some 
discussions are provided to speculate on the compositions of the observed defect clusters. 
Techniques including burgers vector analyses using invisibility criteria, inside outside 
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contrast analyses to determine the nature of dislocation loops, X-ray based EDS analyses for 
elemental composition and under/over focusing techniques to characterize void/bubble 
structures were applied in this investigation.  
When the basic defect chemistry is better understood, fission gas transport mechanisms and 
their interactions with irradiation-induced defects can be investigated. Different lanthanum 
concentrations are proposed and different temperatures are used in this study to help 
understand the formation and growth of void/bubble structures in this material. 
The choice of lanthanum concentration and the choice of temperatures deserve some 
discussions here.  
Lanthanum is used in this study mainly for two reasons. Firstly, lanthanum is one of the 
fission fragments produced by nuclear fissions. As a result, the effects of La as an impurity in 
CeO2 would have important engineering value – it helps to clarify the impurity effect for one 
of the impurity species in the nuclear fuel materials. Secondly, Lanthanum is a useful dopant 
in this investigation specifically because it introduces a controllable level of initial oxygen 
vacancies into the material lattice. In a sense, it helps to clarify the hypostoichiometric effect 
in the nuclear fuel materials. 
Two initial La concentrations are chosen in this work to study the impurity and 
hypostoichiometric effects: 5 atom% and 25 atom% on the cation sublattice. This means the x 
value in the equation given in section 2.1 is chosen at x=0.05 and x=0.25 for the two 
scenarios respectively. In the later discussions, 5% La doped CeO2 and 25% La doped CeO2 
will be frequently used to represent these two case scenarios. They are not to be confused 
with 5 atom% and 25 atom% La in the whole material including Ce, La and O. With J. 
Faber’s work [57], dc conductivity in La doped CeO2 has been investigated. The dc 
conductivity can be attributed to oxygen vacancy self-diffusivity [38] on the oxygen 
sublattice. The results are therefore reflections on the oxygen vacancy diffusivity in the 
material lattice of CeLaO. A figure can be found in the work by J. Faber at al. [57] showing a 
curve of the measured dc conductivity versus La dopant concentration. 
It can be seen from the curve of dc electrical conductivity versus LaO3/2 concentration (the 
same definition of La concentration used for this study) that dc electrical conductivity reaches 
its highest level experimentally when La concentration is around 5%, suggesting this 
concentration corresponds to the highest level of oxygen vacancy diffusivity. The activation 
energy curve can be found in that work as well, which suggests the lowest activation energy is 
reached at a La concentration of about 1%, not 5%. This discrepancy exists because the pre-
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exponential factor of diffusivity is also dependent on material composition. Therefore, a 5% 
La concentration is believed to yield highest mobility of oxygen vacancies on the oxygen 
sublattice. On the contrary, 25% La concentration would give a rather low dc conductivity of 
about two orders of magnitude lower compared to that of 5% La concentration scenario. This 
corresponds to a jump in activation energy from ~0.75eV to ~1.1eV. This significant decrease 
in oxygen vacancy mobility can be classified as a Lanthanum trapping effect, which is 
common in many impurities residing in another host material lattice. A systematic 
investigation on void/bubble size on both 5% La doped CeO2 and 25% La doped CeO2 is 
therefore believed to reflect experimentally the impact of such impurity trapping effects.  
Two temperatures were used in this investigation: room temperature and 600C. At room 
temperature, defects are considered immobile in this material [10]. At 600C, which is about 
23% of the melting point temperature (0.23Tmelt), oxygen defects such as oxygen vacancies 
and oxygen interstitials are expected to be moderately mobile. The comparison between the 
two temperature scenarios then helps characterize the effect of temperature as a parameter in 
the irradiation condition. 600C is also very close to the temperature of the periphery of the 
fuel rod (the “rim” region) in an operating reactor. Such a temperature is then believed to help 
investigate the role the temperature plays in the “rim” structure where a high porosity ratio 
with gas bubbles can be seen as well as a very complicated defect structure. This investigation, 
therefore, also serves the purpose to clarify some of the complications in the reactor fuel “rim” 
structure. 
As discussed in the objective, the purpose of this work is to provide understandings to the 
fission gas damage and transport in the energy regime before the fission gas ions come to rest 
in the nuclear fuel material lattice. The ion beam energies used in the ion beam irradiation 
experiments are therefore in the low energy regime, namely, no higher than 1MeV typically. 
To comply with the constraints of the different facilities, the beam energies were chosen as 
presented by the following table 3.1. 
 Ex situ experiments In situ experiments In situ experiments 
Kr 1MeV 1MeV  
Xe 700keV 500keV 150keV 
Table 3.1 Different beam energies used for in situ and ex situ irradiation experiments 
The criteria in choosing ion irradiation beam energies are: 1. be consistent between in situ and 
ex situ experiments, 2. comply with instrument limitations and 3. provide useful insights 
towards goals that are set specifically to understand the physics. The 1MeV Kr ion beam 
energy was chosen primarily according to the fact that it is the highest possible energy 
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provided by the Argonne IVEM Tandem in situ irradiation TEM facility. Higher beam energy 
is in fact desired as it will provide a more uniformly distributed damage profile. It would be 
better if a 2MeV beam could be used. The damage profile is very flat and the Kr deposition 
inside the thin film is essentially very small. With a 1MeV Kr beam, the distribution of 
vacancies produced inside the CeLaO thin film has a slight slope. However, that slope is not 
big enough to induce sizable differences in the size of structures (voids) produced. Also, the 
1MeV Kr beam is still more or less ideal for looking at irradiation damage since only a very 
small amount of Kr gets deposited in the thin film. Following the above provided criteria 
number 1, ex situ irradiation conditions were set with the same 1MeV Kr beam. For the case 
of Xe irradiations, the idea is to characterize both the damage and the deposition, which will 
lead to gas bubble formation and growth. To that end, the energy should be in an even lower 
regime. 700keV was therefore chosen for the ex situ experiment as it is the lower limit to 
obtain a stable beam on the Van De Graff accelerator at the Materials Research Laboratory 
(MRL) at University of Illinois at Urbana-Champaign (UIUC). 500keV was chosen for the in 
situ experiments to make reasonable comparisons (500keV is the highest energy IVEM 
Tandem can achieve as it is using singly charged Xe ion). 150keV Xe beam was also used to 
look at a high deposition scenario, where all Xe atoms are deposited within a rather short 
range in the film. The high deposition was thought to produce a different mechanism of defect 
formation and growth.  
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CHAPTER 4. EXPERIMENTAL SPECIMENS, 
INSTRUMENTS AND CONDITIONS 
In this chapter, the state of the experimental specimens will be clarified. Important 
experimental techniques will be introduced and a brief description of experimental 
instruments will be provided as well. Finally, the experimental conditions are provided. 
4.1 Experimental Specimens 
The specimens for this research work were grown by the research group in the Physics 
department at the University of Illinois at Urbana-Champaign under the advising of Prof. 
Eckstein. Both the 5% La doped CeO2 and the 25% La doped CeO2 thin film specimens were 
initially grown using the Molecular Beam Epitaxial (MBE) technique at a temperature of 
750C. The CeLaO thin films were deposited on top of high quality one side polished <100> 
Strontium Titanate (SrTiO3 or later referred to as STO) substrates. The dimensions of the 
batch specimens were fixed at 14mm by 14mm square. The specimens were then annealed in 
an environment with excessive oxygen (high oxygen pressure) at 1150C for at least 20 hours. 
The excessive oxygen environment help ensure that the stoichiometry is well restored during 
the annealing experiment. This annealing process was performed because columnized grains 
were identified with the as-grown specimens without annealing. The specimens were found to 
be rather good single crystalline thin films after the annealing process was performed. Figure 
4.1 (a) and (b) show selected area diffraction (SAD) patterns with a 220 g and a 111 g. It can 
be seen clearly that the specimen is good quality single crystalline material.  
 
                                        (a)                                                                   (b) 
Figure 4.1. SAD diffraction patterns of 5% La doped CeO2 as prepared specimen - (a) with 
one set of 220 g vectors strongly diffracting and (b) with one set of 111 g vectors strongly 
diffracting 
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Figure 4.2 shows the SAD diffraction pattern of 25% La doped CeO2 as prepared specimen. 
Good single crystallinity can also be derived from the observation of this SAD diffraction 
pattern. However, the more interesting phenomenon is the diffusive streaking like background. 
This suggests diffusive thermal scattering of electrons possibly induced by the high 
concentration of oxygen vacancies in the material. 
 
Figure 4.2. SAD diffraction pattern of 25% La doped CeO2 as prepared specimen with one 
set of 200 g strongly diffracting 
4.2 TEM Specimen Preparation Technique 
Since the preparation of the TEM specimens will help interpret TEM results in later sessions, 
the preparation procedure is provided here.  The original bulk materials are 14mm by 14mm 
squares (Fig. 4.3(a)), which are composed of a thin layer (~up to 2000 Å) of CeO2 film 
deposited on a SrTiO3 substrate. A Buehler diamond saw is used to cut the square along one 
side to get a narrow bar with 1mm in width (Fig. 4.3(b)). After the bar is cut into two halves 
and ultrasonically cleaned in acetone and alcohol, epoxy is applied to glue the two halves 
together, with the film surfaces facing each other (Fig 4.3 (c)). After curing, mechanical 
grinding is performed to thin the sample from both sides until it is less than 30 µm thick. This 
leaves a very thin face-to-face double layer of the CeO2 at the middle of the specimen.  To 
make it electron transparent, a Gatan PIPS ion miller is used to sputter sufficient material off 
of the sample to get a thin area where the specimen thickness is around 1000 Å or less. The 
sample is then mounted to a copper grid holder, and a very thin edge is created by 5 keV .' 
ion bombardments from both sides. After a hole is created, ~2.5keV .'is then applied to 
gently “brush” the surface of the specimen to eliminate surface re-deposition created by 
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sputtering in the earlier step. This completes the whole TEM cross-sectional sample 
preparation. 
 
Figure 4.3. A schematic drawing for preparing the cross-sectional TEM specimen (courtesy 
Bei Ye, oxide fuel project quarterly report) 
The following figure 4.4 shows the way a planar-view specimen is prepared. Similar to the 
preparation of a cross-section specimen, the bulk material is cut into smaller pieces by using a 
Buehler diamond saw. The smaller specimen is then glued to the tripod stage with the film 
surface facing down. Mechanical grinding and polishing are used to reduce the thickness of 
the specimen from the top (the substrate side) until the sample is less than 30 µm thick. The 
sample is then glued to a copper grid (again, with the film surface facing down) and then ion 
milled until a hole is created in the center. The ion milling thins the sample down only from 
the top – the substrate side – so that there will be a thin wedge of film near the hole created by 
the ion milling. This area provides enough regions that are suitable for TEM investigations. 
14mm 
14m
m
 
  (a) 
14m
m
 
1 mm 
  (b) 
7m
m
 
1 mm 
  (c) 
Film 
surface 
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Figure 4.4. A schematic drawing for preparing the planar-view TEM specimen 
4.3 Relevant Facilities and Instruments 
The work proposed here consists of in situ TEM (real time TEM observation of ion 
implantation) and ion beam irradiations followed by ex situ TEM investigations. The facilities 
and instruments described below are critical to these studies.  
In situ TEM experiments have been conducted at IVEM-Tandem facility at Argonne National 
Laboratory. The IVEM-Tandem is a transmission electron microscope interfaced with two ion 
accelerators for in situ ion beam studies involving ion implementation and/or ion damage. In 
addition, a variety of specimen holders allows in situ cooling and heating experiments (with 
or without ion irradiation) from 15-1200K. The ion implanter has an energy range of 50keV 
to 1MeV, the low energy end of which is very suitable for implantation type studies where 
bubble formation and kinetics can be observed (thin area of a typical TEM sample is around 
50nm), whereas the high energy end is ideal for studying irradiation-induced damage and 
loop formations as the ions would mostly penetrate the irradiated area. The high temperature 
stage can work in the in situ environment at temperatures up to 1200K. This provides a 
flexible enough temperature range to study the irradiation damage corresponding to the 
nuclear fuel rim structure and fission product precipitations. The proposed experiments were 
approved by going through a screening process of user submitted proposals.  
Ex situ TEM work has been conducted at the Materials Research Lab (MRL) at the University 
of Illinois at Urbana-Champaign. Ion irradiations were carried out on the Van de Graaff 
accelerator. The Van de Graaff operates at energies up to 2.3 MeV for H, He, Ar, Kr , Xe and 
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Ne with 1-2-3-4.5 mm beam-size apertures. There is a beam line for Rutherford 
backscattering spectroscopy (RBS), elastic recoil detection and another beam line for 
conducting ion implantations. Unfortunately, due to the fact that the accelerator has been 
operated for a long time, the ion beam it generates can reach a lowest energy of around 
700keV while maintaining a stable beam current. Several Kr irradiations have been carried 
out on the Van de Graaff facility for this study. There are two high temperature stages 
available. One has been tested by Pappas (former master’s student in Dr. Heuser’s group) to 
study ion beam mixing effects at 400, 500 and 600. The other has also been tested recently 
at higher temperatures: 800 and 935, and has a designed capability to reach 1200 . 
However, due to the unstable operating conditions, this higher temperature stage has recently 
been abandoned and a new one will be designed to fill in the gap. 
TEM characterizations have also been performed at MRL at University of Illinois. Most of 
the TEM work will be conducted on the Joel 2010 LaB6 TEM. The 2010 LaB6 is a 
conventional TEM. It is optimized for bright-field/dark-field imaging, diffraction and high 
sample tilts (+/-45 degrees). The characteristics of this TEM instrument make it suitable for 
this investigation as high sample tilts are essential for the characterization of dislocation loops, 
and bright-field/dark-field imaging techniques are needed for observing defect clusters and 
precipitations. The Joel 2010F has also been used as this instrument is equipped with EDS 
capabilities which are very helpful in yielding elemental information. The 2010F has a 
smaller probe size and a field emission gun which makes the nano-beam diffraction easier 
compared to the 2010 LaB6. The Joel 2200FS instrument is an advanced STEM/TEM 
microscope which enables very high resolution lattice imaging and STEM z-contrast 
techniques to be used to characterize detailed lattice structures and void/bubble features 
respectively. The STEM z-contrast technique is believed to be a very promising technique in 
the area of void/bubble nucleation and growth in the future as the technique provides more 
realistic boundaries for the measurements of void/bubble sizes. 
4.4 Experimental Conditions 
The experimental work in this study encompasses both in situ and ex situ irradiations coupled 
with TEM characterizations. In the following section, the experimental conditions for this 
investigation are clarified. A brief discussion on the in situ specimen geometry is also 
provided for the sake of helping the readers to better understand the TEM images followed in 
the next chapters. 
First, the difference between an in situ irradiation experiment and an ex situ irradiation 
experiment should be clarified here. In an in situ irradiation experiment, the as grown 
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specimens are first cut into smaller strips and then mechanically thinned and ion milled, 
following the procedures of the specimen preparation described in earlier figure 4.4. The 
specimens, as prepared, are then mounted on small copper grids measuring 3mm in diameter. 
The mounted specimens are loaded into the IVEM Tandem facility for in situ TEM 
inspections. When the experiments are on the go, the ion beam is directed from an accelerator 
to be incident of about 15 degrees to the specimen thin film surface (described in figure 4.5 in 
the following). The changes induced by the ion beam irradiations are then characterized in 
situ with 200keV electron beam by the Hitachi 9000 HVEM instrument. On the other hand, in 
an ex situ irradiation experiment, as grown specimens are first cut into square pieces about 
3mm by 3mm in size. The small square specimens are then mounted onto a hot stage in the 
Van de Graff accelerator in MRL at UIUC for ion beam irradiations. After the ion beam 
irradiations are done, the specimens are then prepared for observation by TEM instruments 
following the same approach as the in situ specimens. The as prepared and irradiated 
specimens are then inspected in the various TEM instruments in MRL. 
As all experimental results shown in this chapter are from specimens of planar view geometry, 
this geometry is presented in the following figure 4.5. The diagram shows, in particular, the 
set up for the in situ ion irradiation experiments. The specimen is polished with an ion milling 
Ar beam from the top until a hole is created in the center of the specimen (see figure 4.4 for 
more details). The STO substrate is on the top side of the specimen. The ion beam is always 
directed from the CeLaO thin film side (bottom side in this diagram). As the ion milling 
polishing angle is fixed at 7 degrees for all specimens prepared, the thickness of the regions 
viewed in the microscope can be roughly determined by simple geometry calculations. With 
the thickness of the CeLaO thin film known to be about 160nm and with the edge where the 
STO substrate starts to lay on the top of the thin film characterizable with microscopy (details 
are provided later with the discussion with each experiment), the thickness of the edge can be 
estimated in a crude way (crude as specimen bending and surface roughness are ignored). 
With these calculations, for all in situ and most ex situ TEM experiments, the view region 
thickness falls in the range of 80nm~120nm. 
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Figure 4.5. Schematic diagram of an in situ experiment set up with a planar view specimen 
geometry 
It was not intended to break this investigation into two parts, the low dose defect kinetics part 
and the high dose void/bubble nucleation and growth part. The reasons why the results are 
divided into these two major categories are the followings: 
1. At the high dose regime, or a dose level higher than 5 J 10VGEW/BF , defect 
kinetics are very difficult to characterize. This is due to both the complicated 
specimen geometry due to the bending of the specimens during irradiations and the 
higher concentration of defect clusters. The diffraction conditions are therefore not 
ideal for dark field imaging. 
2. At the low dose regime, on the other hand, void/bubble features are very small, 
~0.5nm, and are very difficult to measure. Even if the measurements could be done, 
the results are too marginal to be meaningful for quantitative analyses. 
The following table 4.1 shows the experiments that have been done in the low dose regime: 
with dose level no more than 5 J 10VGEW/BF. The discussions of defect evolution in this 
regime mainly focused on characterization of dislocation loops, small defect clusters and 
more extended defect clusters such as segment dislocations and dislocations. 
The in situ irradiation experiments are believed to provide the most insights into this 
investigation of the basic defect chemistry at the low dose regime. The reasons are provided 
later in the discussions in chapter 5.  
 
STO substrate 
CeLaO thin film 
Incident Ion Beam 
Ion milling polished, slope is 7 degrees 
TEM view region  
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5% La CeO2 
Estimated dose level 
in dpa (final dose for 
in situ experiments) 
25% La CeO2 
Estimated dose level 
in dpa (final dose for 
in situ experiments) 
150keV Xe RT in 
situ: final dose 2e16 
ions/cm2 
108   
150keV Xe 600C in 
situ: final dose 2e16 
ions/cm2 
108   
500keV Xe 600C in 
situ: final dose 1e16 
ions/cm2 
40 
500keV Xe 600C in 
situ: final dose 1e16 
ions/cm2 
40 
700keV Xe 600C ex 
situ 5e15 ions/cm2 
18 
700keV Xe 600C ex 
situ 5e15 ions/cm2 
18 
700keV Xe 600C ex 
situ 1e15 ions/cm2 
3.6   
700keV Xe 600C ex 
situ 5e13 ions/cm2 
0.18   
1MeV Kr 600C in 
situ: final dose 
2.5e15 ions/cm2 
4.5 
1MeV Kr 600C in 
situ: final dose 1e15 
ions/cm2 
1.8 
1MeV Kr RT in situ: 
final dose 2.5e15 
ions/cm2 
4.5 
1MeV Kr RT in situ: 
final dose 1e15 
ions/cm2 
1.8 
1MeV Kr ex situ 
600C 1e15 ions/cm2 
1.8 
1MeV Kr ex situ 
600C 1e15 ions/cm2 
1.8 
1MeV Kr ex situ 
600C 5e14 ions/cm2 
0.9   
1MeV Kr ex situ 
600C 2e14 ions/cm2 
0.36   
Table 4.1. Experiments in the low dose regime 
In the following section, a detailed discussion of the experimental conditions used for the 
TEM observations shown in this chapter is provided. First, the use of planar view specimens 
deserves further discussion. 
There are two types of TEM specimen preparation techniques leading to planar view and 
cross section view specimens respectively. Planar view specimens are most commonly used 
for the past studies on irradiation-induced defects. In this specific scenario where the 
specimens are thin films grown on substrate materials, several factors come in and provide 
tradeoffs to the choice of planar view and cross section view specimens. The tradeoffs are 
discussed in the following section. 
Planar view specimens are believed to provide large thin areas for inspection under the TEM. 
If one is not intending to focus only on high resolution lattice imaging, the 200keV electron 
beam can provide good visible areas up to thicknesses around 200nm or so. With the ion 
milling polishing angle fixed at 7 degrees, this gives about a 1 ~ 1.5µm range of visible 
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regions from the edge of the hole (again, refer to figure 2.1 for the geometry of planar view 
specimens). Compared to cross section specimens, for which only the width of about 160nm 
is available, the areas provided by planar view specimens are about 10 times larger. This 
allows for great flexibility in choosing “good” areas (areas which give relatively ideal contrast) 
for analysis. However, one problem associated with planar view specimens is that the axial 
distribution of void/bubble structures is not always uniform. Actually, the distribution, which 
is determined by the ion deposition range in the thin film, is shown by SRIM 2009 
calculations to be rather non-uniform for 700keV Xe, 500keV Xe and 150keV Xe ion 
irradiations. It is then implied that the dose in terms of dpa in the region of interest in a planar 
view specimen depends on the thickness of that particular region. But thickness was not 
accurately measured here, and was estimated to be a rather wide range (80nm~120nm), in 
which the dose could vary by a factor of 1.3. Some errors are therefore unavoidable. However, 
in cross section specimens, the axial direction of view (looking into the image) gives a 
relatively uniform distribution of void/bubble features. In a sense, it also provides a depth 
profile of void/bubble features, which could be informative. But it suffers then from the 
problem of much smaller available area. In fact, with the systematic errors (subjective 
determination of Fresnel contrast), human errors (counting errors, etc) and the ambiguity with 
respect to the overlapping of features, the error by the measurements outweigh the errors 
possibly induced by the thickness estimates.  
In addition, cross section view specimens have their own problems when the gradient of 
damage in the material is high. When such a high gradient in the damage exits, the difference 
in damage could be several dpa between two regions that are only a few nanometers apart. 
Such a difference, however, could be hardly reflected to the difference between the sizes of 
the void/bubble features. Moreover, the SRIM2009 simulated damage calculations represent 
the initial vacancies produced by irradiation. After the thermal spike, recombination would 
eliminate most of those defects and effectively homogenize the material in the axial direction 
(incident ion beam direction). 
To this end, planar view specimens are believed to provide better overall quality for 
measurements conducted in this work for the purpose of quantitative analyses of void/bubble 
structure formation and growth.  
Another observation is that the difference in size and number density in a cross section view 
specimen in the implantation direction is quite small compared to the error bar of the 
measurements. The measurements, from the data analyses point of view, are rely more on the 
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careful tuning of contrasts and careful selection of the areas. It therefore mitigates the concern 
about the systematic error introduced by the thickness estimation. 
The following table 4.2 presents the experimental conditions used in this study to investigate 
the formation and growth of void/bubble structures in La doped CeO2 materials. As can be 
seen from the table, the experimental conditions have been kept the same for 5% La doped 
CeO2 and 25% La doped CeO2 in order to generate insights into the role played by 
Lanthanum as an impurity. Dose levels have been estimated in terms of displacements per 
atom (dpa) with the depth of about 100nm into the specimen (the mean of the depth at which 
most of the measurements were done). 
5% La doped CeO2 
Estimated dose (final 
dose) in dpa 
25% La doped CeO2 
Estimated dose (final 
dose) in dpa 
500keV Xe 600C in 
situ (final dose: 1e16 
ions/cm2) 
40 
500keV Xe 600C in 
situ (final dose: 1e16 
ions/cm2) 
40 
700keV Xe 600C ex 
situ 1e17 ions/cm2 
320   
700keV Xe 600C ex 
situ 4e16 ions/cm2 
128 
700keV Xe 600C ex 
situ 4e16 ions/cm2 
128 
700keV Xe 600C ex 
situ 1e16 ions/cm2 
32 
700keV Xe 600C ex 
situ 1e16 ions/cm2 
32 
700keV Xe 600C ex 
situ 5e15 ions/cm2 
16 
700keV Xe 600C ex 
situ 5e15 ions/cm2 
16 
1MeV Kr 600C in 
situ (final dose: 1e16 
ions/cm2) 
18   
1MeV Kr ex situ 
600C 1e17 ions/cm2 
180   
1MeV Kr ex situ 
600C 2e16 ions/cm2 
36 
1MeV Kr ex situ 
600C 2e16 ions/cm2 
36 
1MeV Kr ex situ 
600C 5e15 ions/cm2 
9 
1MeV Kr ex situ 
600C 5e15 ions/cm2 
9 
Table 4.2  Experimental conditions for analyses of void/bubble formation and growth (RT 
means Room Temperature) 
The majority of the experiments in the high dose regime are higher temperature experiments 
mainly due to the difficulty in characterization of the void/bubble structures at this 
temperature. The features, unknown in nature, are too small to be well characterized with the 
under/over focusing techniques. STEM z-contrast techniques are in fact much better at 
characterizing the room temperature irradiated specimens. However, due to the restricted 
availability of the instruments and the fact that the instrument was down for a long time 
during the period when a lot of experiments were conducted, room temperature experiments 
were not given as much weight as higher temperature experiments. In the future, room 
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temperature experiments should be filled in to help better understand the temperature effects 
on formation and growth of void/bubble structures.  
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CHAPTER 5. DEFECT KINETICS UNDER ION BEAM 
IRRADIATIONS: THE LOW DOSE REGIME 
Understanding the basic defect chemistry is very important to characterize the evolution of 
defect structures in this materials system. Basic defect characteristics including defect types, 
habit planes, burgers vectors, and how and when the defects form and evolve have to be well 
understood before the interactions of defects can be analyzed and discussed. 
5.1 State of Defects in Unirradiated Specimens 
In this particular investigation, it was found that there are rather high densities of defects 
formed already for the as prepared specimens before the in situ irradiation experiments. These 
defects are believed to be introduced by the ion milling process in the last step of the 
specimen preparation process (5keV Ar ion beam for initial thinning and 2.7keV Ar ion beam 
for final polishing). This has led to significant difficulties in interpreting the in situ irradiation 
results. More problematically, this has rendered the interpretations of the ex situ irradiation 
results almost impossible due to the unknown levels of defect type and density preexisted in 
the ex situ irradiation experimental specimens. (Again, it should be pointed out that the ex situ 
irradiation specimens were prepared after the ion irradiation experiments done with the Van 
De Graff accelerator system. The ion milling-induced defects were added on top of the 
defects already created in the materials system by the ion irradiations.) Other techniques to 
prepare the specimen for TEM observations which can help avoid the defect build up in the 
materials system are being investigated. However, most techniques have their own specific 
problems that may later cause difficulties at different levels in the interpretations of the results. 
The following figure 5.1 illustrates the state of defects in the as prepared in situ specimen for 
5% La doped CeO2. A rather high number density of small defect clusters showing white dot 
contrasts can be identified with the dark field images. The defect clusters are shown to be of 
irregular shape, but interestingly, after the specimen was annealed for more than 5 hours in 
the 2010LaB6 electron microscope, the defects can be seen to transform to become 
dislocation loop structures with typical dislocation loop contrasts (elliptical shapes for the 
inside contrast).  A more detailed discussion with presentation of full scale TEM micrographs 
is provided in the appendix A. 
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                                   (a)                                                                        (b) 
 
(c) 
Figure 5.1. Ion milling induced defects in 5% La doped CeO2 thin film as prepared specimen 
- (a) dark field image with g=220, (b) higher magnification (×100K) dark field image (g=220) 
showing the irregular shape of the defect clusters and (c) higher magnification (×100K) dark 
field image (g=220), after specimen was annealed for 5 hours, showing the dislocation loop 
contrast of the defect clusters 
In Electron Microscopy, there are powerful techniques available that can help determine the 
burgers vectors, the habit planes and the interstitial or vacancy nature of the dislocation loops 
[58]. Brief introductions to these techniques have been provided in the earlier part of this 
dissertation in Chapter 1. The following figure 5.2 shows the results of a tilting experiment to 
determine the burgers vectors of the dislocation loops in the as prepared and after annealed 
(600C for 1 hour) CeLaO thin film planar view specimen (without irradiation). The arrows 
show the g vectors of the diffraction conditions for each of the bright-field images taken. The 
SAD diffraction patterns have been omitted due to the very limited space, but the beam 
conditions for all images are close to weak beam conditions.  
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The full circular red marks are indicators of cases of dislocation loops being visible. The 
dashed red circular marks are indicators of cases of dislocation loops being invisible. The 
R · T  criterion indicates that when R · T ( 0 , the dislocation loops will appear invisible. 
However, there is certain level of residual contrast remaining in the locations where the 
dislocation loops might be. More importantly, in a case where R · T ( 1/9 and R · T ( 1/3 
loops co-exist, the R · T ( 1/9 loops will appear very much like the invisible loops that have 
residual contrasts with them. Therefore, it is crucial in determining the burgers vectors of 
these dislocation loops that the weaker contrast visible loops are not confused with the 
invisible loops that have residual contrasts.  
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                                   (a)                                                                           (b) 
 
                                   (c)                                                                           (d) 
 
                                   (e) 
Figure 5.2. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) after 
annealing at 600C, without irradiation - weak beam bright field images showing invisibilities 
of dislocation loops – (a) g=220, (b) g=020, (c) g=2b20, (d) g=2b00 and (e) g=11b1 
It should be noted that the survey on the dislocation loops include a total of 100 loops in order 
to draw statistically meaningful conclusions. The marked loops in the above figure 5.2 are 
representatives of the commonly seen loops in the statistical survey.  
It can be seen that all marked loops do show up visible when g is of 200 or 020 type and that 
all marked loops do show up for the case g is 11b1. However, some marked loops disappear in 
the case where g=220 and other marked loops disappear in the case where g=2b20. More 
220 
020 
2b20 2b00 
11b1 
33 
 
importantly, the marked loops which appear in the case where g=220 disappear in the case 
where g=2b20, and the marked loops who appear in the case where g=2b20 disappear in the 
case where g=220. A R · T table in the following (table 5.1) illustrates the burgers vectors of 
these dislocation loops. The dislocation loops are determined to be 1/9[111] type burgers 
vector loops with four possible burgers vectors (without considering the +b/-b type 
difference).  
cR b=1/9[111] b=1/9[11b1] b=1/9[111b] b=1/9[11b1b] 
200 c2/9 c2/9 c2/9 c2/9 02b0 c2/9 c2/9 c2/9 c2/9 
220 c4/9 0 c4/9 0 2b20 0 c4/9 0 c4/9 11b1 c1/9 c1/3 c1/9 c1/9 
Table 5.1. R · T analysis for the burgers vectors, the electron beam direction is [001] 
To confirm that the conclusion drawn above is correct, figure 5.3 (a) – (c) show the loops 
with three different g vectors for the same specimen. The dislocation loops appear to be very 
close to edge-on dislocation loops with (111) type of habit planes determined from the case of 
g=1b11b bright-field image. However, when the dislocation loops are this small (<5nm wide), 
the tilted loops can very well look like edge-on loops. Therefore, it is premature to conclude 
at this time that the loops are of type 1/9[111] burgers vector edge loops. The evidence shown 
later for the specimen after irradiation will show rather re-assuring evidence of edge-on loops 
with (111) type of habit planes when the loops grow larger. 
Also, it is observed that the density (areal) of the loops in the case of g=1b11b is approximately 
equal to the summation of the areal density of visible loops from the other two cases. This 
result matches perfectly with the burgers vector analysis. 
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                                (a)                                                                          (b) 
 
(c) 
Figure 5.3. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) after 
annealing at 600C, without irradiation - bright field images of (a) g=220, (b) g=22b0 and (c) 
g=1b11b (the specimen was tilted to such a position that weak beam conditions were nearly 
satisfied) 
To confirm the Burgers vector analysis in the above, a large quantity of dislocation loops 
have been compared between images with different g vectors. The following TEM bright 
field images in figure 5.4 provide pair wise comparisons between particular sets of g vectors. 
The rationale of this analysis is as follows. With the dislocation loops edge on in the bright 
field image with g vector of 1b11b  and 111b , the burgers vector can be derived under the 
assumption that the loops are edge loops. By the matching patterns of the edge on features in 
the g of 111 family with the g of 220 family images, the burgers vector is essentially known 
under the invisibility criteria. Therefore, it is possible to use the pair wise comparisons to 
prove the results of burgers vector analyses provided earlier. 
20 nm 20 nm 
20    nm 
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                                   (a)                                                                       (b) 
 
                                   (c)                                                                       (d) 
Figure 5.4. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) after 
annealing at 600C, without irradiation - bright field images of (a) g=1b11b, (b) g=220, (c) 
g=111b and (d) g=22b0 
Because of the presence of very high density edge loop features in the pair wise comparison 
of figure 5.4 (a) and (b) and the fact that there has been about 40 degrees or so tilting (so the 
positions of the loops could have changed dramatically), the patterning in this pair of images 
is extremely difficult obtain. The situation with the other pair of images, however, is much 
better. Given this circumstance, more matching loops have been marked in images 5.4 (c) and 
5.4 (d). The arguments are rather similar. For instance, with edge on condition in figure 5.3 (c) 
where g=1b11b, the dislocation loops that are marked in figure 5.4 (c) are demonstrated to be of 
burgers vector 1b11b with g=220, would be invisible, but with g=22b0, they would show up 
with pretty strong contrast. This is the case in figure 5.4 (d). Vice versa, the same analysis can 
be applied on figures 5.4 (a) and 5.4 (b). In summary, with the demonstrations of the above 
four images, the earlier made judgments on the burgers vectors of the dislocation loops have 
been re-confirmed. 
The above analyses might seem redundant, as the earlier invisibility analyses alone can lend 
strong support to the assertions made on the burgers vectors of the dislocation loops. However, 
it is believed that determining the burgers vectors for the dislocation loops plays an important 
20nm 20nm 
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role in the whole investigation as it later helps reveal a lot of interesting factors on the defect 
chemistry. Special emphasis was therefore placed on the above work that helped determine 
the burgers vectors of the dislocation loops. 
The fact that the defect clusters transform to become dislocation loops on the (111) type of 
habitat planes (with burgers vectors of the [111] family) illustrates an interesting point: from a 
low energy configuration point of view, the (111) type of planes provide lowest (at least 
locally) energy configurations for the defect structures at the early stage (low dose regime) of 
irradiation. 
As the experimental part of the investigation in this work involves both 5% La doped CeO2 
and 25% La doped CeO2, the defect structures of the 25% La doped CeO2 before irradiation 
have been investigated as well.  
It is shown by the following figures 5.5 that the pre-existing defect structures in the 25% La 
doped CeO2 are quite different from those in 5% La doped CeO2 (the two cases are compared 
on the basis of similar diffraction condition, both using g=220 diffraction spots). The reason 
why the initial defect structures are so different is still being investigated, but there are two 
key differences to keep in mind: 1. the initial level of oxygen vacancy concentration is very 
different (this has been covered in the introductory part of this dissertation, see Chapter 2) 
with 25% La doped CeO2 having much higher initial oxygen vacancy concentration (12.5% 
versus 2.5%); 2. the lattice mismatch between the STO substrate lattice and the CeLaO lattice 
is exaggerated when La dopant concentration becomes higher.  
It is easily observed that the initial concentration of black dot defects (or white dot defects in 
dark-field images) in bright-field images is lower for the 25% La doped CeO2, the fact eludes 
to the hypothesis that the small defect clusters registered with black/white dot contrast are 
interstitial type of defect clusters. There are other evidences that lead to the same direction 
that will be provided several paragraphs later. Later in this work, it will also be shown that 
with an inside/outside contrast technique, the interstitial/vacancy nature of the dislocation 
loops that evolved from these defect clusters upon annealing in the 5% La doped CeO2 shown 
earlier were determined. Also, a tentative conclusion that almost all the dislocation loops are 
of interstitial type has been drawn. However, to provide rigorous proof that all of these defect 
clusters and therefore the dislocation loops formed from these clusters upon annealing are of 
interstitial type, more work will have to be done with careful planning in the experiments in 
the future.  
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Figure 5.5. 25% La doped CeO2 plan view specimen without any irradiations (plan view 
specimen prepared from as grown specimen) dark field image with g=220, the sample was 
tilted such that a weak beam condition was nearly satisfied 
Another major difference is that there are extended defect structures already formed in the 
materials lattice in the 25% La doped CeO2 whereas almost no such structures have been 
observed in the 5% La doped CeO2 materials lattice. 
This might be attributed to the exaggerated mismatch between the substrate STO lattice and 
the CeLaO lattice. One result supporting this conclusion is that there is a rather high density 
of tangled defect structures in the substrate (seen in the lower left part of figure 5.5). (The 
location where the substrate starts to overlap with the thin film CeLaO was measured by EDS 
in the 2010F facility at MRL in University of Illinois, and it is consistent with the locations 
starting from where tangled defect structures can be seen. 
Also interesting is the observation that the density of the white dot contrast defect clusters 
decreases sharply around the place where the overlapping comes in. This supports the earlier 
conclusion drawn that the black dot defect clusters in the thin film CeLaO part are from the 
ion milling. Once there is overlapping of the STO substrate and the CeLaO film, the STO 
substrate provides a layer of shielding for the CeLaO film that helps protect the underlying 
CeLaO film from damage by the 5keV Ar ion milling beam (which only penetrate ~5nm thick 
STO material).  
100     nm 
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Figure 5.6 provides a bright-field image of the as prepared 25% La doped CeO2 planar view 
specimen with g=1b11b . It can be seen from this image that the density of the extended 
dislocation like structures is high compared to the 5% La doped CeO2 as prepared specimen.  
 
Figure 5.6. 25% La doped CeO2 plan view specimen without any irradiations (plan view 
specimen prepared from as grown specimen) bright field image with g=1b11b, 60K 
magnification, the sample was tilted such that a weak beam condition was nearly satisfied 
It has been shown that the as prepared specimens have rather high densities of defect clusters 
to begin with. This imposes a big difficulty in the effort to characterize the ion beam induced 
damage. Ex situ characterizations alone are not longer informative as the initial level of defect 
density is unknown. Many as-prepared specimens have been examined by TEM, and the 
initial density of defect clusters are shown to be different. This is to say that the initial density 
of defect clusters is case sensitive. It is therefore crucial to have results from in situ 
experiments, as the initial level of defect density will be recorded as part of the experimental 
results.  
5.2 Characterization of the Dislocation Loops after Ion Beam Irradiations 
Figure 5.7 and figure 5.8 provide bright field and dark field TEM images for ex situ 1MeV Kr 
irradiated specimen with g vector of (220). The irradiation was carried out on 5% La doped 
CeO2 at 600C. Planar view specimens were then prepared with mechanical grinding and ion 
milling polishing. 
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Figure 5.7. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 2 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=2b20) 
 
Figure 5.8. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 2 J 10VGEW/BF - dark field 
image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=2b20) 
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As this specimen was inspected ex situ with TEM, the ion milling induced defect is an 
uncertainty that complicates the result. It can be seen from both bright field and dark field 
images (more obviously seen on dark field image) that there is a high density of small white 
dot defect clusters. The exact shape of these defect clusters cannot be clearly determined as 
they are often too small to give reasonable contrast on their shapes. From the in situ results, 
we know that Kr ion irradiations can create a wide range of defects in terms of their sizes. It is 
therefore very difficult to characterize which defects are from ion milling. By comparing the 
specimens with and without irradiation, the size and shape of the defect clusters formed by 
ion milling have been determined to be relatively small with irregular shapes. Careful 
measurement can therefore be performed to measure the number density and size profiles of 
the Kr ion irradiations induced dislocation loops. This measurement, however, will tend to 
neglect the smaller defects as they cannot be differentiated from ion milling induced defects. 
The quantitative information drawn from the ex situ irradiations regarding the size and density 
of the dislocation loop structures at low dose must be carefully scrutinized. When such 
quantitative data is analyzed, the analyzer also needs to bear in mind that the result is 
somewhat biased. The quantitative data will be provided in the later part of this chapter.  
Figure 5.9 shows the same specimen with a 11b1 g vector. Edge-on dislocation loops can be 
seen. Some of these edge-on dislocation loops are marked with red circle. As has been 
discussed earlier, most of the dislocation loops formed out of annealing from the ion milling 
induced defect clusters are of burgers vector 111 type. It is very likely that the 111 burgers 
vector type loops provide lowest energy configurations at least locally in this crystal structure. 
Ion irradiation-induced defects are created under a non-equilibrium state. At this state, defects 
that are not in the locally lowest energy configurations can be created. Because there is no 
long time annealing (temperature is brought down rather quickly after in situ or ex situ 
irradiations), there may not be enough energy supplied from the outside to transform these 
higher energy configuration defects to their lowest energy forms (as there is always an energy 
barrier to climb to transform from one defect configuration to another, and with dislocation 
loops, the energy barriers are often high). As a result, dislocation loops with different burgers 
vectors and different habitat planes may be found. Burgers vector analysis by invisibility 
criteria have been taken out on this specimen. The following discussion is devoted to this 
matter. 
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Figure 5.9. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 2 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=11b1): dislocation loops become edge on 
A statistical survey following the same analysis as the earlier R · T  analysis has been 
conducted to investigate the burgers vector of the dislocation loops in the same specimen as 
shown above. Smaller area snapshots are provided in the following figure 5.10 (a) – (e) with 
multiple g vectors. One hundred loops readily seen in the two 220 type g vector snapshots 
were surveyed in all the images. The small tilting between the two sets of 220 g vector images 
and the two sets of 200 g vector images were relatively small (less than 10 degrees or so on 
each tilting axis of the microscope), therefore, the positions of the loops are believed to have 
not changed much when these images are compared. However, this argument does not hold 
for the 111 type g vector image as the tilting was more than 40 degrees. Following the same 
philosophies as discussed in the earlier R · T analysis, the same pattern must be identified to 
claim the identifications of the same dislocation loops.  
The survey results show that the majority of the dislocation loops are of 1/9[111] type burgers 
vector, in fact, 78 out of 100 of the loops surveyed fell in this category. There were however, 
11 loops that are invisible with one of the 220 g vector images and with the 111 g vector 
image but clearly visible in the other 3 images. From the invisibility criteria, these loops were 
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determined to be of 1/2[100] type burgers vector loops. The last 11 dislocation loops led to 
total conflict with the invisibility criteria. However, it is possible that some of the weak 
contrast features were miscounted as visible or invisible when they are supposed to be the 
contrary. When this result was described to Dr. Kirk from Argonne National Laboratory, the 
feedback was rather positive that a lot of experiments conducted in the past had the similar 
results. It was therefore thought that 11% possible miscount rate is a reasonable number 
considering the complications of the measurements. Even the microscopy was not easy at all.  
One result that some loops with burgers vector other than the 1/9[111] type were found could 
be attributed to the non-equilibrium environment created by the ion beam irradiations. Under 
ion beam bombardments, initial thermal spikes happen in a very short time period: several 
tens of a pico-second. The energy deposited within that short time frame is considered high 
enough to give rise to the creation of local configurations that are not of the lowest energy 
configurations. This is due to the high energy available to supply enough energy to form 
higher energy configurations. However, when the quenching happens, not all the 
configurations get enough energy to overcome the barriers to transform to lower energy 
configurations. As a result, some dislocation loops could get “stuck” in higher energy 
configurations. In fact, in f.c.c. type material (the fluorite lattice is essentially an f.c.c. cation 
sublattice combined with a simple cubic anion sublattice), typical dislocation loops are of 
burgers vector [111] type or [100] type. The configuration energies were found to be close 
between these two types of loops in such materials. Therefore, the 1/2[100] type burgers 
vector loops are possible under the non-equilibrium ion beam irradiation environments.   
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                                   (a)                                                                           (b) 
 
                                   (c)                                                                           (d) 
 
                                   (e) 
Figure 5.10. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 2 J 10VGEW/BF- bright 
field images of (a) g=2b20, (b) g=2b00, (c) g=220, (d) 020 and (e) g=11b1 (the specimen was 
tilted to such a position that weak beam conditions were nearly satisfied) 
Figures 5.11 to 5.15 show bright field and dark field TEM images from ex situ 1MeV Kr 
irradiation carried out on 5% La doped CeO2 (plan view specimen prepared after irradiation) 
at 600C to a final dose of 1 J 10VGEW/BF  (images with three different g vectors are 
shown here). The dislocation loops can be seen as well as some extended defect structures. 
44 
 
This is consistent with the in situ experiment data that over a threshold dose, extended defects 
start to form.  
Figure 5.13, 5.14 and 5.15 show very clearly the presence of the edge-on dislocation loops 
when 111 type g vectors are used. The features that are marked by the red circles are 
suspected to be outside contrast of the edge-on dislocation loops. However, mostly due to the 
fact that this work is the first to characterize the dislocation loop structures in this specific 
material, there is no reference that can be relied on to confirm the speculations. Also, 
quantitative measurements have been done to show the density and size distribution of these 
dislocation loops. Again, caution has to be taken when this quantitative information is 
reviewed. The reader needs to keep in mind that there is an unknown initial density of defect 
clusters that, at temperatures under 600C, do transform to become dislocation loops within a 
relatively short time frame (~1 hour).  
 
Figure 5.11. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=220) 
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Figure 5.12. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - dark field 
image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=220) 
 
 
 
50       nm 
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Figure 5.13. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=1b11b): dislocation loops become edge on 
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Figure 5.14. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - dark field 
image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=1b11b): dislocation loops become edge on 
 
 
 20  nm 
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Figure 5.15. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=1b1b1): dislocation loops become edge on 
Figure 5.16 and figure 5.17 demonstrate the higher magnification images of the dislocation 
loops. In particular, figure 5.17 presents atomic scale resolution of the dislocation loop 
structures. By Fast Fourier Transform (FFT) and inverse Fast Fourier Transform (IFFT), it is 
shown that there is no missing plane or additional plane present in each of the dislocation 
loop features. This could suggest that the dislocation loops are of oxygen vacancy or 
interstitial type. If there is one plane of Ce atoms missing (or La atoms substituting the Ce on 
the Ce sub-lattice) or if there is one extra plane of Ce atoms (or La atoms), the IFFT would 
show a missing plane or extra plane. It has been widely realized that IFFTs can introduce 
artificial information, especially when not used properly. Those man-made mistakes always 
introduce defect-like features (missing planes or extra planes), never remove them. In this 
sense, the IFFT showing a rather perfect lattice structure lends more support on the nature of 
these dislocation loops being oxygen based. In fact, similar arguments have been made by 
Yasunaga et al. [4]. However, this is not a rigorous enough proof for such an assertion.  
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Figure 5.16. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF – higher 
resolution image, edge one loops and some other structures can be identified 
 
Figure 5.17. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - HRTEM 
image (the specimen was tilted to [011] pole where dislocation loops show up edge on) 
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The fact that the defect clusters induced by ion milling transform to become dislocation loops 
structures also supports the argument that the defect clusters are based on oxygen point 
defects. This is because only oxygen is expected to be mobile at a temperature of 600C. 
However, it is also possible that oxygen defects nucleate around Ce based defect centers and 
form defect clusters. Once the temperature is elevated to 600C, oxygen point defect mobility 
allows oxygen to move around so that a locally low energy configuration defect structure (a 
dislocation loop) can form.  
Having considered all of the above speculations and arguments, a conclusion should be made 
supporting that the majority of point defects that composed these dislocation loop structures 
are oxygen based point defects. More advanced experiments must be done or more advanced 
techniques must be applied to further approve or disapprove this conclusion. 
5.3 Summary of the In Situ Experimental Results 
5.3.1 TEM Results of the In Situ Experiments 
In this section, the in situ experimental results are summarized in order to derive useful 
insights into the defect kinetics in the La doped CeO2 materials. It needs to be clarified that 
the in situ irradiation results are presented here in cropped images. The full scale TEM images 
(mainly dark field images) are presented in the appendix A in order to provide more details on 
the experimental results so that readers can better appreciate the circumstances. 
The following images in figure 5.18 show the results of in situ irradiation experiments in the 
form of dark field images with 220 g vector. The irradiation was conducted with 1MeV Kr 
ion beam on the 5% La doped CeO2 planar view specimen at 600C. Sequential dark field 
images of similar areas are selectively shown here to reflect a general trend. Areas are not 
exactly the same due to specimen shifting, inaccuracies in cropping and so on, but the images 
should be very representative. More detailed discussions are provided in the followings.  
 Figure 5.18. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO
specimen – sequential dark field images with g=220: (from left to right)  n
ions/cm2, 8×1013 ions/cm
Both qualitative and quantitative information are extracted from this set of 
qualitative information involves mainly the evolution of defect struct
quantitative information concerns the density of such defects. It 
there is a certain level of ambiguity with the quantitative information as the defect density is 
in fact very sensitive to the diffraction conditio
condition could be obtained for the 
irradiation-induced stress in the material, the thin part of the specimen is always subject to 
bending. It has been observed
part of the irradiation and it then stabilizes as dose increases. It is therefore necessary to tilt 
the specimen to get back to the similar diffraction condition at each stage when certain dose 
level has been reached. However, this implies that the diffraction condition will never be 
exactly the same for any two images (data point). This will need to be taken into account 
when the density of defect structures is analyzed. During the experiment, e
tilt the specimen very carefully to find more or less similar diffraction conditions so as to 
minimize the error induced by different diffraction contrasts. 
Another challenge with the in situ
bending happens in the specimen, the specimen drifts with respect to the electron beam (or 
with respect to the view of microscope). The drift eventually stops as the bending stabilizes. 
However, the initial drift of the specimen at the begi
significant. Therefore, the microscope operator 
specimen to maintain the view on the same area. This sometimes is very challenging as the 
TEM is operated in a dark field mode. A
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track the area. This marker cannot change its shape or contrast with changing diffraction 
condition. Otherwise, when the diffraction condition is different, the identity of the marker is 
lost and the area cannot be effectively tracked.  
In this particular experiment, the area was tracked to the best extent achievable. As the 
bending problem mitigates, it became easier to keep similar diffraction conditions for the 
TEM images after a certain dose.  
Even with some ambiguity from the diffraction condition, it can be clearly seen that the 
density of the white dot defect structures (which are believed to be dislocation loops) 
increases with increasing dose. During the in situ experiment at the lower dose range (dose 
less than or equal to 5 J 10VGEW/BF ), two types of events can be clearly seen: the 
emergence of white dot defect structures, and the disappearance of such structures. These two 
events are interpreted as the formation of dislocation loops by irradiation-induced 
displacements and the possible annihilation of dislocation loops or dislocation loops changing 
its burgers vector so that it satisfies the invisible criteria. The former mechanism of 
annihilation is believed to be the more plausible explanation.  
At the dose level of 5 J 10VGEW/BF or higher, dislocation loop type of defect structures 
are seen to join each other to start to form more extended defect structures – dislocations. 
Visually, the density of the dislocation loop structures decreases whereas the density of the 
dislocations pick up. At the final dose of this specific experiment, 2.5 J 10VGEW/BF, the 
density of the dislocations has become so high that individual dislocation loop structures seen 
earlier seem to disappear.  
To ensure that the 200keV electron beam does not significantly affect the defect structures 
created, TEM images of another area that hasn’t been inspected with the electron beam were 
also taken. It was seen that the defect structures look rather similar. This is re-assuring 
evidence that 200keV electron beam does not induce significant change in the material by 
itself. 
The following images in figure 5.19 show the results of in situ irradiation experiments in the 
form of dark field images with 220 g vector. The irradiation was conducted with 1MeV Kr 
ion beam on the 5% La doped CeO2 planar view specimen at 600C. Sequential dark field 
images of the similar areas are selectively shown here to reflect a general trend. Again, more 
detailed full scale presentation of the dark field TEM images can be found in the appendix A. 
 
 Figure 5.19. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO
view specimen – sequential dark field images with g=220: (from left to right)  no dose, 2×10
ions/cm2, 5×1013 ions/cm
Both qualitative and quantitative information are extracted from this set of 
qualitative information involves mainly the evolution of defect structures
quantitative information concerns th
Due to the initial drift of the specimen at the beginning of the irradiation, it was very difficult 
to keep the view area the same during the entire experiment.  However, a very distinctive 
marker (a big piece of contamination) 
change its shape or contrast with changing diffraction condition
bright field images, it was determined that all the images (except the ones taken in the very 
end) were taken in nearly the exact same area. This is extremely helpful to make sure that the 
quantitative data measured from different images have a strong level of comparability. 
It can be clearly seen that the density of the white dot defect structures (which are 
be dislocation loops) increases significantly with increasing dose. During the 
experiment at the lower dose range (dose less than or equal to 
of events can be clearly observed
disappearance of such structures. These two events are interpreted as the formation of 
dislocation loops by irradiation
dislocation loops or dislocation loops changing its
invisible criteria. The former mechanism of annihilation is believed to be 
explanation.  
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individual dislocation loop structures seen earlier 
Figure 5.20. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO
view specimen – sequential dark field images with g=220: (from left to right) 2.5×10
ions/cm2, 5×1013 ions/cm2, 7.5×10
The images from figure 5.20
experiment 1MeV doubly charged Kr ion beam irradiation. The irradiation was carried out at 
600C on 25% La doped CeO
220. Weak beam conditions were applied in order to show the structure evolution of the 
defect/defect clusters.  
Again, due to the initial drift of the specimen at the beginning of the irradiati
difficult to keep the view area the same during the entire experiment.  However, a very 
distinctive marker (a piece of contamination on the upper left corner of the 
dark field images shown in the 
does not change its shape or contrast with changing diffraction condition
conditions for the sequential TEM images 
experiment.  
It is very interesting to see
believed to be dislocation loops) decreases significantly with increasing dose. At the same 
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time the individual defect structures disappear, small extended defect structures pre-existed in 
the specimen can be seen to grow in size. This growth, however, was not significant. There 
are also defect structures forming as dislocation loops close to each other joined together. The 
formation of defect structures following this mechanism, however, is rather infrequent 
compared to the irradiations carried out on 5% La doped CeO2 at the same temperature of 
600C. This demonstrates a very interesting effect of Lanthanum as impurity. A plausible (but 
not definitive) explanation is that the higher initial density of oxygen vacancy (12.5% 
compared to 2.5% between two materials) affected the defect chemistry that the dislocation 
loops react with the readily available oxygen vacancies and annihilate. Also, the presence of 
Lanthanum in the lattice effectively decreases the mobility of the dislocation loops. A 
combination of the two effects led to the trends observed experimentally. There are two 
hypotheses associated with the above provided explanation: the dislocation loops are 
primarily of oxygen interstitial type (that’s why they annihilate with oxygen vacancies); the 
mobility reduced by the presence of Lanthanum couldn’t be caused by the higher 
concentration of oxygen vacancies alone. The first hypothesis has been tentatively confirmed 
by the burgers vector analyses combined with the inside/outside contrast analyses earlier. 
However, due to the unclear natures of the outside contrast of the dislocation loops and the 
fact that the inside/outside contrast experiment is very complicated (one small mistake will 
result in totally opposite conclusions), the inside/outside experimental results are not shown in 
this dissertation and are not held as supporting evidence to the speculation on the nature of the 
dislocation loops. Other supporting evidences will be provided in the later chapter where the 
void/bubble mobility is analyzed. The second hypothesis was tested by the kinetic Monte 
Carlo simulation together with the lattice simulation. The results will be shown in Chapter 7 
later as well.  
To confirm that the earlier obtained experimental results reflect the defect chemistry in this 
specific material - 25% La doped CeO2, another in situ experiment was carried out with a 
higher dose rate enabled by 500keV Xe ion irradiations. The count rate with the Tandem 
accelerator was kept the same so that the dose rate in terms of dpa for this experiment was 
more than two times higher compared to the earlier in situ irradiation with 1MeV Kr ion beam. 
Sequential dark field images in the following figure 5.21 show the evolution of defects and 
defect clusters with this particular irradiation condition (500keV Xe beam, 600C). 
 Figure 5.21. In situ 500keV Xe irradiation at 600C on 25% La doped CeO
specimen - sequential dark field images with g=220: (from left to right) no dose, 
ions/cm2, 2×1013 ions/cm2,
Throughout the course of the experiment, images were taken in such a manner that the 
sequential TEM dark field shots shown above represent almost the 
(with no dose) was taken on a slightly different area than the images afterwards due to a 
significant drift when the ion beam was initially directed on the specimen. However, the 
density of the defect structures is believed to be
Similar to the experiment conducted with 1MeV Kr at 600C on 25% La doped CeO
density of the white dot defect structures (which are believed to be dislocation loops) 
decreases significantly with increasing dos
together and form small extended defect clusters. At the same time the small extended 
dislocation defect structures pre
is believed that two mechani
structures: 1. small dislocation loops close to each other move towards each other and form a 
more extended defect cluster
contrast white dot structure suddenly appearing) on or very close to a formed defect structure 
and therefore grow the defect structure in size. The formation and growth of defect structures 
following these mechanisms, however, are rather infrequent compared t
carried out on 5% La doped CeO
five sets of in situ irradiation experiments conducted at Argonne National Laboratory. 
However, due to lower resolution of the TV recording system, th
structure evolution can hardly be captured. 
The consistent difference between the defect kinetics in the two materials
interesting effect of Lanthanum as impurity. A possible explanation has been provided e
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available higher concentration of oxygen vacancies is believed to decrease the density of 
defect clusters and dislocation loops. Lanthanum is also believed to p
effect to reduce the mobility of point defects and defect clusters in the material. Quantitative 
results are provided later in this chapter to support these arguments. 
It is also observed that similar tangled defect structures start to 
1 J 10VGEW/BF . At the final dose, 
dislocations can be observed even though the diffraction contrast is not ideal. Defect structure 
with similar dislocation density has been seen with the 5% La doped
1MeV Kr at 600C to a dose level between 
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the similar areas are selectively shown here to reflect a general trend. Again, more detailed 
full scale presentation of the dark field TEM images can be found in the 
Figure 5.22. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen –dark field images with g=220: (from left to right) 1×10
2.5 ×1015 ions/cm2 and 2.5×10
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Useful qualitative information is extracted from this set of data. However, the initial density 
of defect cluster in this specimen was believed to be too high to provide very helpful 
quantitative data. Also, the in situ observation process of this particular experiment had some 
ambiguity to it. Therefore, quantitative information was not extracted from this experiment.  
In general, it is much more difficult for room temperature experiments to provide quantitative 
data as insightful as the 600C experiments as the defect clusters created by ion irradiations 
can be very hard to differentiate from pre-existing defect clusters induced by the ion beam. 
However, qualitatively, the room temperature experiments provide a very nice set of 
complementary results that, together with the higher temperature data, generate significant 
insight into the mechanisms behind the evolution of the defects. The analysis will be provided 
later in this chapter. 
The qualitative information extracted hereby involves mainly the evolution of defect 
structures. It is extremely intriguing to realize the several inconsistencies in this set of 
experiment. The density of the defect clusters pre-existed in the material decreased over dose. 
However, once the view was shifted to another area, a rather high density of defect structures 
was suddenly discovered. Also, at the final dose, the middle image of figure 5.22 
demonstrates defect structures under the dose level of 2.5J 10VGEW/BF. However, the 
same kind of defect structures cannot be seen anymore when the specimen was taken back to 
MRL at UIUC to be observed under the 2010LaB6 facility. The two facilities are believed to 
be similar enough in many properties that such difference could not be caused by the 
instrument difference alone. The images taken on the 2010LaB6 instrument are provided in 
full scale in the appendix A, but a representative image is shown as the right image in figure 
5.22. Many different available thin areas have been surveyed in order to see if the specimen 
could have been irradiated with unevenly distributed beam intensity so dose levels at different 
locations are different. However, all surveyed areas were similar in a sense that a high density 
of dislocation networks can be easily identified. Defect structures that show up in the end 
dose of the in situ experiment can be found in the images taken afterwards. However, the 
density of such structures becomes very different. With the results of another room 
temperature experiment with 150keV Xe ion irradiation (shown only in the appendix A), it is 
tentative to believe that the observed extended defect structures in this experiment are early 
stage of possible segment dislocations. The dislocation network shown in the right image in 
figure 5.22 is thought to be formed by the above observed individual defect structures joining 
together. 
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In the following figures 5.23 to 5.32, bright field and dark field images of the dislocation 
network with different g vectors are shown. 
 
Figure 5.23. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – bright field image with g=220, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
 
Figure 5.24. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – dark field image with g=220, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
100     nm 
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Figure 5.25. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – bright field image with g=22b0, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
 
Figure 5.26. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – dark field image with g=22b0, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
100     nm 
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Figure 5.27. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – bright field image with g=200, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
 
Figure 5.28. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – dark field image with g=200, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
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Figure 5.29. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – bright field image with g=11b1, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
 
Figure 5.30. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – dark field image with g=11b1, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
100      nm 
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Figure 5.31. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – bright field image with g=1b1b1, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
 
Figure 5.32. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF – dark field image with g=1b1b1, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
The intention of providing a full set of dislocation network images for the room temperature 
irradiated scenario is to help determine the burgers vector of the dislocations. Given the fact 
100      nm 
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that the dislocation loops, which were observed to join each other and form more extended 
defect structures, are edge loops lying on (111) planes, the initial thoughts on the burgers 
vector of the dislocations is that they are of 1/9<111> type burgers vector as well. In order to 
prove this, different diffraction conditions were used. Except in figure 5.32, where no SAD 
diffraction is given, SAD diffraction patterns are provided in all the images from figure 5.23 
to 5.32 as insets.  
As expected, with the 220 and 22b0 g vectors, dislocations become invisible in each other 
image. These invisible dislocations correspond to the 0s in the following R · T  analysis 
presented in table 2.2. In the case where g equals 200 (figures 5.27 and 5.28), the contrast of 
the dislocations oriented in both directions (directions refer to visual directions in the TEM 
images, not the directions dislocation lines are lying on in the crystal lattice, those that lie on 
(11b1) planes and those that lie on (1b1b1) planes) are seen to be nearly equal in strength. 
However, in the two cases where g equals 11b1 and g equals 1b1b1, the dislocations with both 
orientations can be seen but with different contrast strength. With g equals 11b1 , the 
dislocations that are invisible in the case of g vector 22b0 show stronger contrast than the 
dislocations oriented in the other direction. These stronger contrasts are believed to be the 
reflection of R · T=c1/3 compared to R · T=c1/9. The contrast difference is of course 
reversed between the dislocations oriented in the two different directions (again, directions in 
the images) in the case of g equals 11b1. This is a simple reflection of the reverse of the 
magnitude of R · T values. 
It is then determined that the burgers vectors of the observed dislocations are 1/9<111> types.  
cR b=1/9<111> b=1/9<11b1> b=1/9<111b> b=1/9<11b1b> 
200 c2/9 c2/9 c2/9 c2/9 02b0 c2/9 c2/9 c2/9 c2/9 
220 c4/9 0 c4/9 0 2b20 0 c4/9 0 c4/9 11b1 c1/9 c1/3 c1/9 c1/9 
Table 5.2. R · T analysis for the burgers vectors, the electron beam direction is [001] 
The images from figure 5.33 demonstrate sequential dark field TEM images from the in situ 
experiment 1MeV doubly charged Kr ion beam irradiation. The irradiation was carried out at 
room temperature on 25% La doped CeO2 specimen. The images were taken with a consistent 
g vector of 220. Weak beam conditions were applied in order to show the structure evolution 
of the defect/defect clusters. Full scale dark field images can be found in the appendix A for 
this experiment as well. 
 Figure 5.33. In situ 1MeV Kr irradiation at room temperature on 25% La doped CeO
view specimen – sequential dark field im
ions/cm2, 2×1013 ions/cm
Only qualitative information is extracted from this set of data. The qualitative information 
involves mainly the evoluti
concerns the density of such defects. Quantitative information was not measured as there was 
a major change of view location during the process of the irradiation. 
Due to irradiation-induced stre
strong bending at the beginning of the irradiation. At one point of the experiment, the tilting 
limit of X tilt (limited to 20 degrees mechanically) has been reached and similar diffraction 
condition could not be kept due to the restriction on further tilting. It was then decided that 
the irradiation should be continued with the view location changed to another area far away to 
allow enough flexibility on tilting. 
As the areas of view are very
area, quantitative information becomes unreliable. Also, in room temperature irradiation 
environment, many defect clusters that formed were of irregular shapes, rendering consistent 
size measurements almost impossible. Therefore, the data obtained from this experiment was 
only analyzed qualitatively. 
Contrary to the experiment conducted with 1MeV Kr at 600C on 25% La doped CeO
density of the white dot defect structures increased with incr
defect clusters is seen to increase before the dose level of 
levels above1 J 10VGEW/BF
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network structure with moderately high density of dislocations can be seen. This result is very 
different from the in situ experiment done with all conditions similar but temperature (600C). 
With 500keV Xe irradiations at 600C on 25% La doped CeO2, a dislocation network can be 
found at the end dose of 2.5 J 10VGEW/BF (lower density of dislocations compared to this 
case, though). One must realize that 500keV Xe irradiation have a much higher dose rate 
(almost 4 times as high, by an estimate from SRIM2009) in terms of dpa compared to 1MeV 
Kr irradiations in the specimen geometry considered here. Therefore, at the end dose of 
2.5 J 10VGEW/BF for 500keV Xe irradiation, the dose in terms of dpa is about 10 times as 
high as that for the 1MeV Kr irradiation to the end dose of 1 J 10VGEW/BF. The dramatic 
difference suggests a key fact that the rate at which the damage builds up in 25% La doped 
CeO2 is much faster in room temperature experiments than in higher temperature experiments 
at 600C. 
5.3.2 Qualitative Analyses 
Combining all of the earlier discussions, several key observations can be made. The insights 
are summarized here. 
1. Ion milling process introduces defect clusters into the crystal lattice and poses 
difficulties to the data analyses, especially for the ex situ experiments.  
2. Ion milling induced defect clusters transform to 1/9[111] type of burgers vector pure 
edge dislocation loops, suggesting a low energy configuration of such dislocation 
loops is in the (111) planes. The majority of the dislocation loops are likely to be of 
interstitial type. 
3. Dislocation loops induced by ion beam irradiation were determined to be mainly 
1/9[111] type of burgers vector edge dislocation loops. However, there are possibly 
smaller number of 1/2[100] type burgers vector dislocation loops as well. 
4. Under ion beam irradiations, two types of events have been observed in the in situ 
experiments at the very low dose regime (before 1 J 10VGEW/BF in all conditions 
considered): defect clusters emerge or disappear. These events are believed to be 
reflections of defect creations and defect annihilations.  
5. At higher dose in general, (conditions are different for different irradiation conditions) 
extended defect structures are formed, leading eventually to a tangled dislocation 
network. The dislocations are believed to be of 1/9<111> type of burgers vector as 
well. 
6. Two possible mechanisms were observed to contribute to the development of such a 
dislocation network: 1. Creations of defect clusters very close to each other or very 
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close to an extended defect structure already formed, followed by coalescence of 
defect clusters to form more extended defect structures and 2. Defect clusters have 
enough mobility and move to coalesce with each other to form extended defect 
structures. The 1st mechanism is believed to be the dominant mechanism observed in 
the in situ experiment. 
It is very useful to expand the discussions on the nature of the dislocation loops as they later 
become an integrated part of data analyses. There are several supporting evidences for the 
argument that the dislocation loops are interstitial loops. In-side out-side contrast 
experimental results would provide the most direct way to prove the interstitial nature of the 
loops. However, due to the extreme complications of the experiments and the suspicious out-
side contrasts of the loops, these results could not give rigorous proof (they are not shown 
here due to the controversies that are present in them). Another source of support is from the 
literature survey, where, Sattonnay et al. [59] provided experimental results and discussions 
on the nature of the dislocation loops for Xe irradiated Uranium Oxide material. It is 
essentially a different material, but it lends support to the assertion here as the two material 
systems are very similar in multiple aspects. Also, Ysunaga et al. [4] raised the argument that 
the dislocation loops obtained in CeO2 with high energy electron irradiations are oxygen 
interstitial loops. This lends even stronger supports to my assertion as very high energy 
electron damage could result in very similar impact to the material lattice. However, not 
enough evidence was supplied by the author for his arguments. The third evidence is from the 
reflection on the experimental observations in this work. The number density of the 
dislocation loops was observed to decrease with increased dose at the beginning of the 
experiments in 25% La doped CeO2. Had the loops been of vacancy type, the decrease in 
number density of the dislocation loops would have been impossible, considering the 
available initial density of oxygen vacancies and the implication of having a high initial 
oxygen vacancy concentration (interstitial point defects number density is largely suppressed). 
Each of the above evidences lends some support to the argument that the dislocation loops are 
of interstitial type. A combination of them helps make a much stronger assertion (still not a 
rigorous proof). 
5.3.3 Quantitative Analyses 
Brief quantitative analyses are provided in this section to draw insights from the quantitative 
information extracted from the many in situ and ex situ experiments discussed earlier in this 
chapter. 
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First, qualitative observations related to later quantitative analyses are summarized as the 
discussions earlier are too scattered due to the amount of data presented.  
For 5% La doped CeO2, irradiated with 1MeV Kr at 600C, at 5 J 10VGEW/BF 
(approximately 0.9 dpa), extended structures start to form when the density of dislocation 
loops became very high. At 1.6 J 10VGEW/BF  (approximately 2.7dpa), tangled defect 
structures can be seen clearly. A connected dislocation network was clearly present. 
Qualitatively there was growth in the density of dislocations, but the growth was not 
significant.  
For 5% La doped CeO2, irradiated with 500keV Xe irradiation at 600C, at 2 J 10VGEW/BF 
(approximately 0.8 dpa), extended structures start to form when the density of dislocation 
loops become very high. At 5 J 10VGEW/BF  (approximately 2 dpa), tangled defect 
structures can be seen to form clearly. A connected dislocation network can be seen. The 
density of defect structures continues to increase but the rate of growth slows down as dose is 
accumulated.  
For 25% La doped CeO2, irradiated with 1MeV Kr at 600C, the density of dislocation loops 
can be seen to decrease qualitatively. Small local extended defect structures start to form 
around a dose level of 1 J 10VGEW/BF (approximately 0.2 dpa) but at an end dose of 
1 J 10VGEW/BF (approximately 1.71 dpa), the growth of such extended defect structures 
was very limited. 
For 25% La doped CeO2, irradiated with 500keV Xe irradiation at 600C, the density of 
dislocation loops can also be seen to decrease qualitatively at the beginning of irradiation. 
Small local extended defect structures start to form around a dose level of 5 J 10VGEW/BF 
(approximately 0.2 dpa) the growth of such extended defect structures was observed to be 
relatively slow. At the end dose of 1 J 108VGEW/BF (approximately 37.5 dpa), the density 
of the defect structures has grown to be higher but still not high enough to form connected 
dislocation network. 
For 5% La doped CeO2, irradiated with 1MeV Kr at room temperature, the observed process 
of in situ irradiation was rather controversial as discussed earlier. However, there is clear 
evidence that extended defect structures have already formed by the dose level of 1 J
10VGEW/BF  (approximately 1.7 dpa). By the end dose of 2.5 J 10VGEW/BF 
(approximately 4.3 dpa), a nearly fully connected dislocation network can be readily seen.  
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For 25% La doped CeO2, irradiated with 1MeV Kr at room temperature, the density of defect 
clusters can be seen to increase qualitatively. Small local extended defect structures start to 
form around a dose level of 1 J 10VGEW/BF (approximately 0.2 dpa). At an end dose of 
1 J 10VGEW/BF (approximately 1.7 dpa), a nearly fully connected dislocation network can 
be readily seen as well.  
It needs to be pointed out that the same type 220 g vector was used for all the above discussed 
experiments. Due to the use of different g vector, 150keV Xe in situ irradiation results are not 
compared here. 
Figure 5.34 shows a schematic diagram illustration of defect evolution with different 
experimental conditions. 
 
Figure 5.34. Schematic diagram illustration of defect evolution with different experimental 
conditions 
The rates at which the defect structure evolves have been clearly demonstrated different 
between experiments with different irradiation conditions and different materials. The 
development of extended defect clusters and dislocation network is much faster in 5% La 
doped CeO2 at 600C and 25% La doped CeO2 at room temperature. The defect evolution 
process is believed to be much slower for 25% La doped CeO2 at 600C compared with all 
other conditions. There are differences between the dislocation network formed with room 
temperature experiments and 600C experiments, and also between 5% La doped CeO2 and 
25% La doped CeO2. The general trend observed is that the dislocation network is a well 
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connected tangled network in 5% La doped CeO2. Either at room temperature or with higher 
La concentration, the dislocation networks become less well connected. This is due to the 
restricted mobility of point defect and defect clusters at low temperature or to the presence of 
La (the “pinning” or “trapping” effect of La).  
The following figures 5.35 (a) to (d) show dark field images taken on 2010LaB6 instrument at 
MRL at UIUC after each set of the in situ experiments. Well connected dislocation network 
can be found in figure 5.35 (b), (c) and (d), representing 1MeV Kr irradiation at 600C on 5% 
La doped CeO2 to a final dose of 1 J 10VGEW/BF , 1MeV Kr irradiation at room 
temperature on 25% La doped CeO2 to a final dose of 2.5 J 10VGEW/BF and 1MeV Kr 
irradiation at room temperature on 5% La doped CeO2 to a final dose of 2.5 J 10VGEW/BF, 
respectively. The dislocation network with 500keV Xe irradiation at 600C on 25% La doped 
CeO2 to a final dose of 1 J 108VGEW/BF (figure 5.35 (a)) shows a rather different structure. 
Higher magnification dark field image shown in figure 5.36 (a) clearly illustrates the 
difference between what can be called the “not well connected” dislocation network and the 
“well connected” dislocation network shown in figure 5.36 (b). The density of the 
dislocations in figure 5.36 (a) can be seen much lower than that in figure 5.36 (b).  
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                                   (a)                                                                           (b) 
 
                                   (c)                                                                           (d) 
Figure 5.35. Comparisons between dislocation networks at different irradiation conditions: (a) 
500keV Xe irradiation at 600C on 25% La doped CeO2 - 1 J 108VGEW/BF, (b) 1MeV Kr 
irradiation at 600C on 5% La doped CeO2 - 1 J 10VGEW/BF, (c) 1MeV Kr irradiation at 
room temperature on 25% La doped CeO2 - 2.5 J 10VGEW/BF and (d) 1MeV Kr 
irradiation at room temperature on 5% La doped CeO2 - 2.5 J 10VGEW/BF 
 
                                   (a)                                                                           (b) 
Figure 5.36. Comparisons between dislocation networks at 600C irradiations with different 
irradiation conditions, higher magnification view: (a) 500keV Xe irradiation on 25% La 
doped CeO2 - 1 J 108VGEW/BF, (b) 1MeV Kr irradiation on 5% La doped CeO2 - 1 J
10VGEW/BF 
100  nm 
50   nm 
100  nm 
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100  nm 
50   nm 
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Also, the tiny white dots in the background of image 5.36 (a) suggest that many defect 
structures are in the form of very small defect clusters nucleated from several point defects in 
the case of 500keV Xe irradiation at 600C on 25% La doped CeO2. This could suggest that 
the defect cluster mobility is much lower in this case so they cannot diffuse easily to cluster 
with other defects. However, it is difficult to believe that, with room temperature irradiation 
environment, the same material 25% La doped CeO2 would exhibit higher defect mobility as 
indicated by the well connected dislocation network at a rather low dose (approximately 1.7 
compared to approximately 37.5 dpa). 
It is therefore thought that the annihilation effect could have played a role in the 25% La 
doped CeO2 materials. At the temperature of 600C, defect clusters have limited mobility. It 
has been shown that the oxygen vacancies prefer to be clustered in this material. Small 
oxygen vacancy clusters can therefore be expected inside the material. This is also confirmed 
by the preliminary KMC modeling results. With the bombardment impact of the heavier Xe 
ions (a cascade that event creates a high level of local disorder in a relatively small volume), a 
region with high concentration of such oxygen vacancy clusters could well nucleate, within 
the thermal spike. After the quenching following the thermal spike, nano-voids can form. 
These voids provide good sinks to interstitial type of point defects and defect clusters. Even 
the clustered oxygen vacancy complex could serve as very efficient annihilation centers for 
interstitial type of point defects. The annihilation can therefore happen as defects of inverse 
nature recombine.  
However, such recombination of defect clusters must require a certain level of defect mobility. 
With a temperature of 600C, the mobility is possible to accommodate the recombination of 
nearby defect clusters. On the contrary, at room temperature, defect mobility is further 
suppressed, as such recombination can only happen when the defect clusters can be provided 
with enough energy from the cascade impact so that the energy barrier for a cluster migration 
can be overcome. This is also to say that both thermally activated diffusion and irradiation 
assisted diffusion can happen on a defect cluster level when the temperature is at 600C, but 
only irradiation assisted diffusion can happen at room temperature. The above stated 
reasoning can explain why 25% La doped CeO2 materials have significantly different 
behavior under irradiation at room temperature and higher temperature (600C).  
Another possible explanation can be related to the strengths of these annihilation centers. In 
rate theory based models the strengths of the sinks and annihilation centers can be related to 
the “effective” reaction radius which is the distance within which the annihilation reactions 
happen. In this work, it was assumed that the annihilations of the point defects at the sinks are 
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spontaneous within the reaction radius. However, this is a crude approximation and generally 
applies to metal systems better than oxide systems. The dramatic difference between the 
diffusion on the oxygen sublattice and the diffusion on the cation sublattice gives rise to 
different behaviors of the diffusion and reaction between point defects and defect clusters. 
Another work adopted a more rigorous modeling approach and modeled the enthalpy change 
for the close reactions between point defects and sinks and annihilation centers of the inverse 
natures. It was found out that the temperature contributed significantly to the possibilities of 
such annihilation reactions when the point defects fall into the range of an rcrit of the 
annihilation centers or sinks. This was then attributed to the relatively stronger influence of 
the temperatures on oxygen diffusion than cation diffusion. In this investigation, the similar 
approach can also be adopted that the temperature, even only around 0.23Tmelt, could 
contribute to the elevated annihilation “strengths” leading to higher tendency of annihilations 
in this materials lattice. 
As a result, the very different defect kinetics observed with different experimental conditions 
could be attributed to the combination of two effects: concentration and strengths of the 
annihilation centers. The following figure 5.37 illustrates such a combined effect leading to 
the observed differences in the defect kinetics. 
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Figure 5.37. Schematic diagram showing possible explanations for the observed different 
defect kinetics 
As discussed earlier, the La concentration dictates the concentration of oxygen vacancies and 
therefore the concentration of vacancy complexes and small nano-void structures which are 
most likely created by irradiations. The temperature affects the strengths of these annihilation 
centers. The probability of a traveling interstitial defect being annihilated at the annihilation 
centers can be seen as the area occupation fraction of the orange circular marks in a simple 2-
D space. This simply illustrates the expected annihilation frequencies in the material. The 
combination of 600C and 25% La doped CeO2 can be seen to stand out as a case where the 
frequency of annihilations is high. The frequency of annihilations with the cases of 5% La 
doped CeO2 at 600C and 25% La doped CeO2 at room temperature can be seen to be lower 
and the frequency of annihilations with the case of 5% La doped CeO2 at room temperature is 
expected to be the lowest. This is pretty well connected to the observed experimental results. 
Only the difference between the three cases other than 25% La doped CeO2 at 600C is not 
very significant.  
Lastly, it is also possible that the higher Lanthanum concentration lattice environment 
changes the clustering behaviors of the oxygen interstitial type defects so the interstitials do 
not cluster as easily as in lower Lanthanum concentration environments. However, the 
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temperature difference is also big within the case of 25% La doped CeO2. Therefore, the 
earlier proposed explanation is still considered better.   
It is necessary, at this point, to demonstrate a systematic framework to explain the different 
defect evolution under different conditions and with different materials. 
As pointed out earlier, with the in situ experiments, observations were made that two types of 
events dominate the visible changes on the material under the view of the microscope.  
The first type of event is the emergence of a defect cluster. This type of events has been seen 
occurring at a high rate except for the irradiation experiments conducted on 25% La doped 
CeO2 at 600C. Also noted is the fact that when extended defect structures form, the 
emergence of defect clusters has a preference on the location of event. The events happen at 
much a higher rate on or very close to an extended defect structure. When the defect clusters 
emerge close to an extended defect structure, the emerged defect cluster joined the extended 
structure almost instantaneously (growth of extended defect structures like dislocations were 
observed to happen this way). This could suggest a lower combination energy and even a 
lower formation energy of new defect clusters close to the already formed defect clusters. 
The second type of event is the disappearance of a defect cluster. Possible explanations for 
the disappearance of defect clusters are: 1. defect clusters recombine with other defect 
clusters of the contrary type (vacancy type versus interstitial type, the defect clusters can be 
those that are created by ion beam irradiations) and 2. defect clusters transform from one 
habitat plane to another habitat plane that is invisible with the g vector used (therefore the 
diffraction contrast would go away). It has to be realized that explanation 2 is rather 
controversial in the sense that it cannot explain why the density of defect clusters keep 
decreasing with increasing dose. Had explanation 2 been correct, the dislocation loops with 
(111) type of habitat planes, for instance, could only transform to loops with (11b1) type of 
habitat planes so they then become invisible with a g vector of 220. The loops that initially sit 
on (11b1) type of habitat planes would have equal probability to transform to (111) type of 
habitat planes. As a result, the density of dislocation loops would have remained the same. 
This counter argument to explanation 2 is only invalid if irradiation preferably transforms 
dislocation loops from sitting on (111) type of planes to sitting on (11b1) type of planes. 
However, no theoretical works or experimental observations are available to support such a 
claim.  
Following the discussions on the two types of major events, an explanation could then 
describe the defect evolution in different materials under different conditions consistently.  
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Two mechanisms are proposed here to explain the multiple defect evolution phenomena 
discussed earlier: 1. Creation of defect clusters by the ion beam irradiation and 2. 
Annihilation of defect clusters by recombination of defect clusters. The creation of defect 
clusters by ion beam irradiation should only depend on the type of ions, beam energy, and 
beam incident angle but not heavily on temperature. It is also unlikely that such creation of 
defect clusters would strongly depend on La concentration. However, the annihilations of 
defect clusters certainly depend on thermally activated diffusions (temperature effect) and 
local lattice configurations (La induced oxygen vacancies).  
For 5% La doped CeO2, initial oxygen vacancy concentration is not very high (0.83 atom%). 
The recombination events, therefore, do not happen at a high rate as compared to the 25% La 
doped CeO2 case. The temperature difference can still be seen to have an effect. For the 
irradiations experiments at 600C, the emergence events and the annihilation events can be 
seen to happen at comparable rates. The individual defect clusters (believed to be mostly 
loops) were often observed to disappear. But once more extended defect clusters formed, they 
weren’t observed to annihilate frequently (such annihilation events happen seldomly). At 
room temperature, on the other hand, the annihilation events were rarely observed. This 
indicates that the similar dislocation networks with 5% La doped CeO2 at different 
temperatures were formed based on two distinctive processes. For the higher temperature case, 
it was a higher rate production and growth together with higher rate annihilation compared to 
the lower temperature case. In a word, it was a dynamical balance achieved for the higher 
temperature irradiations in this material that led to the rather similar dislocation density 
evolution compared to the room temperature experiment. 
However, with 25% La dopant concentration, 4.19 atom% oxygen are available initially and 
they are more likely to be present in small cluster type of configurations due to the tendency 
of oxygen vacancies to cluster. When such a high concentration of oxygen vacancy clusters is 
available, the thermally activated diffusion would allow defect clusters close to each other to 
recombine. Without the assistance of temperature, the defect clusters are expected to be 
immobile. A bigger difference is then expected between room temperature irradiations and 
600C irradiations, as the balancing on the high temperature side leans more towards 
annihilations. A “slower” evolution was therefore observed with irradiations on 25% La 
doped CeO2 under 600C due to the more frequent annihilations. Not only was the general 
trend observed to be quite different between the experiments with different temperatures on 
25% La doped CeO2, the difference between the two scenarios has been observed on an 
instantaneous basis. In the room temperature scenario, the events were observed to be much 
more on the production side, while the events observed for the higher temperature (600C) 
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scenario were almost evenly distributed on the production side and the annihilation side. Also, 
the annihilation events were not restricted to the individual defect clusters. At the beginning 
of irradiation, even more annihilation events were seen than creation events. A lot of events 
where extended defect structure disappear in partial or even as a whole could be picked up. 
This confirms the assertion that irradiation activated diffusion help to recombine defect 
clusters. Another consideration on the slow damage build up for 25% La doped CeO2 in situ 
irradiation is that at higher dose levels, sputtering could become a major factor contributing to 
the creation of more oxygen vacancies particularly in this in situ environment. In many oxide 
materials, preferential sputtering has been seen where oxygen sputtering rate is much higher 
than that of the heavier elements (e.g. Al, Mg, Ti, etc). The oxygen sputtering rate is therefore 
believed to be much higher than that of either Ce or La atoms. The sputtering could well be 
enhanced as the thickness of the specimen under the view of the microscope is in the range of 
80nm to 120nm. This is due to higher sputtering rate near the surface than in the bulk. With 
the thickness of the specimen about 100nm, there is essentially no bulk volume. Therefore, 
sputtering has to be taken into account.  
Figure 5.38 provides a general schematic illustration of the competition between two types of 
mechanisms: production and annihilation. It was also observed that when the density of 
dislocations in a tangled dislocation network reached a high level, the microscopic views on 
the specimen was  usually very “quiet”: both production events and annihilation events 
became infrequent. Such a high density dislocation network then became a dynamical balance 
at slower rates for both production and annihilation events. There are theories in metal 
systems that when dislocation networks become densely distributed, the newly produced 
defect clusters would move through the formed defect structures to achieve rather high 
mobility and eventually annihilate at the surface when they migrate to the surface. Such 
theories would help explain the slowing down of production rate of defect clusters. However, 
such speculation in this specific work is not encouraged as there is no solid evidence.  
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Figure 5.38. Schematic illustration of the evolution of defect structures 
The following figures 5.39 to 5.42 summarize results on quantitative measurements for the 
dislocation loop density and sizes. For the density measurements, five boxes with same 
dimension of 220nm by 220nm were drawn and the dislocation loops that fall within these 
boxes were counted. As a result, the density values are statistical averages. For the size 
measurements of the loops, 100 loops have been surveyed. It becomes a little trickier for the 
measurements on the size of the dislocation loops as the measurements are done not really on 
the dislocation loops but on their diffraction contrasts. The loops could exhibit inside or 
outside contrast and the shape of the loops change according to specific tilting conditions. 
Therefore, careful planning was done before the experiments such that the measurements 
were taken out on similar locations on the Kikuchi map (indicating very similar tilting). The g 
vectors were set up right so the features exhibiting diffraction contrasts measured in the 
images all represent the inside contrasts of the dislocation loops. This implies that the 
resulting size values for all experiments were in fact the length of the inside contrast of 
dislocation loops. The realistic size (on the long side) would be bigger than the measured 
values. Under these very similar tilting conditions, all the loops measured exhibited elliptical 
shapes with a long side to short side ratio of about 1.8~2. It is therefore believed that the 
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measurements provide consistent data between each data point on the various dose levels. The 
long sides of the dislocation loops were measured as it was easier and more accurate to 
measure the long sides when the loops were of such small sizes.  
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Figure 5.39. Evolution of number density of dislocation loops for in situ 1MeV Kr 
irradiations at 600C 
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Figure 5.40. Evolution of size of dislocation loops for in situ 1MeV Kr irradiations at 600C 
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Figure 5.41. Evolution of number density of dislocation loops for in situ 500keV Xe 
irradiations at 600C 
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Figure 5.42. Evolution of size of dislocation loops for in situ 500keV Xe irradiations at 600C 
Combined with qualitative observations, some general trends can be identified: the number 
densities of dislocation loops increase with increased dose at the beginning of the irradiations 
for 5% La doped CeO2, then decrease as individual dislocation loops combine and form more 
extended defect structures. When compared on a displacement per atom (dpa) basis, the 
trends can be seen to be very consistent between 1MeV Kr and 500keV Xe irradiations at 
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600C. This comparison is shown in figure 5.43 in the following. On contrary, the number 
density of dislocation loops can be seen to decrease with increased dose at the beginning of 
the irradiations on 25% La doped CeO2 (figure 5.44). This is due to the higher rate of 
recombination as proposed earlier. The trends are also consistent. The difference on the 
magnitudes of number densities is believed to be mainly due to the difference in the initial 
number density of the dislocation loops. The size of the dislocation loops are difficult to 
interpret. With the dislocation loop defects constantly being produced and annihilated, the 
size does not reflect a steady state trend. However, the data presented in figures 2.174 and 
2.175 do convey a general idea of the evolution of dislocation loops in the four sets of 
experiments. The observed facts are the followings. In in situ 1MeV irradiations, sizes of 
dislocation loops in 5% La doped CeO2 are mainly around 4~5.5nm and the change of such 
dislocation loop sizes with respect to dose is observed to be small. For the 25% La doped 
CeO2, most of the loop sizes fall into the range of 2~4.5nm. An insight, however, can hardly 
be drawn from the change of loop sizes with respect to irradiation dose. There are two reasons. 
First, the error bars are big compared to the change in sizes between different dose levels, 
suggesting statistically that no consistent trend could be extracted from the set of data. Second, 
there are subjective factors in the measurements due to the diffraction conditions not being 
exactly the same between each data set. For instance, on analyzing a TEM image with 
stronger contrast (meaning the dislocation loops appear, rather than a nice elliptical, more like 
a diffusive circular plate with strong white contrast), the length measurement must be very 
careful in determining where the center line of that contrast is. Given these thoughts, the 
results of size measurements are more illustrative on how big the dislocation loops are in 
general but cannot be taken very seriously on more detailed analyses like size evolution 
according to irradiations dose. The same situation can be seen with the 500keV Xe irradiation 
results at 600C. 
Given all the constraints, it should be noted though that the size of dislocation loops in 
general is different between 1MeV Kr and 500keV Xe irradiations. The size of dislocation 
loops can be seen bigger in the case of 500keV Xe irradiations. This is expected as the energy 
deposition of a single impact event is much bigger in 500keV Xe irradiations than in 1MeV 
Kr irradiations. The disorder is therefore higher for the 500keV Xe irradiations. Larger loops 
require higher energies to form. Higher disorder state can help larger local structures to find 
the lowest energy configurations, which are believed to be dislocation loops of 1/9[111] type 
of burgers vector loop. 
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Figure 5.43. Evolution of number density of dislocation loops for in situ irradiations at 600C 
on 5% La doped CeO2 
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Figure 5.44. Evolution of number density of dislocation loops for in situ irradiations at 600C 
on 25% La doped CeO2 
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CHAPTER 6. VOID AND BUBBLE GROWTH UNDER 
ION BEAM IRRADIATIONS: THE HIGH DOSE REGIME 
6.1 Introduction 
When the dose level of the ion beam irradiation goes up to the high dose regime (high dose 
regime in this study refers to a dose level of no less than 5 J 10VGEW/BF), the dislocation 
network becomes highly concentrated (with a high number density of dislocations tangled 
together). The diffraction contrast becomes worse and worse for quantitative and even for the 
qualitative measurements of such features in the material lattice due to the buildup of defects 
and complications of the local geometry of the specimen (more bending and deteriorated 
surface conditions). With the observation made in the earlier chapters that defect of contrary 
natures (interstitial and vacancy) tend to cluster, the buildup of the dislocation network can be 
interpreted as a result of the clustering of higher and higher concentration of interstitial type 
defects produced by the ion beam irradiation. At the same time when interstitial type defects 
become more concentrated and cluster, vacancy type defects are believed to cluster in their 
own ways – they start to form voids. As voids form in the material lattice, they become ideal 
trapping sites for inert gas. When a high concentration of inert gas atoms is deposited in the 
lattice, bubbles are believed to form. This is only a quick glance at the interpretation from a 
theoretical perspective.  
In this chapter, the experimental evidence of void/bubble growth is presented and discussed. 
The underlying mechanisms of such growth are derived from the experimental data. In this 
chapter, as in the last chapter, the general guidelines towards KMC level modeling are 
provided based on the observation and analyses of qualitative trends and quantitative results 
obtained by the experiments.  
In order to provide readers with summarized results in a concise way, the detailed results in 
the forms of TEM images of either under/over focusing conditions or those applying STEM 
z-contrast are shown in the Appendix D. In the following section 6.2, the measured number 
densities and size distributions of void/bubble features are discussed with key insights 
summarized. 
6.2 Quantitative Results and Discussions 
For all the experiments conducted, the size distributions and the density of void/bubble 
structures have been measured and analyzed. The procedures for the measurements are 
clarified as follows. 
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For the density measurements, five boxes of dimension 32.5nmJ32.5nm are drawn with the 
number of features registered with the reversed Fresnel contrast in under focusing and over 
focusing conditions counted. The resulting number density is therefore a statistical average of 
the five individual measurements. The tricky part of this process is the selection of the areas 
to be measured. It is ideal to measure the areas with consistent thickness. However, 
diffraction contrasts often limit the areas available for good measurements. It then becomes a 
quest for balance to find areas with good contrast (minimum diffraction contrast) and similar 
thicknesses.  
For the size measurements, 120 features that exhibit reversed Fresnel contrast in under and 
over focusing conditions have been measured for each single data point in order to give 
reasonable statistical survey data rather than to have small measured quantity induced bigger 
statistical errors. The area of the void/bubble features were measured using the software 
package ImageJ and the diameter is then derived from the measured area. The resulting 
diameter in units of nm is then a statistical average of the survey of 120 features. The large 
error bars are then believed to be mostly due to the wide size distributions of features 
recorded in the data rather than a result of under measurement. The size distributions are also 
given as key results obtained from these measurements. 
One factor that contributed to the confidence that the measurements were done without much 
bias was that they were done in a relatively short time frame when all of the data was 
collected and ready to be analyzed. This ensures that the measurements were done in a 
relatively consistent standard. Another factor, which is believed to be a key factor, was that 
the pictures were shuffled and made anonymous before the measurements took place. This 
technique was suggested by Dr. Robert C. Birtcher of Argonne National Laboratory. This is 
important as the observer is not supposed to have preconceived notions on the size of features 
to be measured. This shuffling ensures the objectiveness of the measurements. 
The reasons why the features observed and measured are believed to be voids for 1MeV Kr 
irradiations but Xe bubbles for 700keV Xe irradiations are provided in detail in appendix D 
for the sake of conciseness of the discussions in this chapter. 
Figure 6.1, figure 6.2 and figure 6.3 show respectively void areal number density dependence, 
void diameter dependence and void volume dependence on the irradiation dose for 1MeV Kr 
ion irradiations at 600C in 5% La doped CeO2. The black data set shows the results of ex situ 
irradiation experiments and the red data set shows the results of the in situ irradiation 
experiments. Unfortunately, the quality of the data from in situ experiment on void size and 
number density is not good enough for quantitative analyses (due to the quality of under-
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focus and over-focus images being low with objective astigmation problems mainly). As a 
result, only the data point for the final dose (1 J 108VGEW/BF), for which the measurement 
was done with the 2011 LaB6 facility in MRL at UIUC, is presented. The number density was 
measured with a 32.5nmJ32.5nm square window at different locations on an image (with 
likewise thickness). The obtained data were then statistically averaged. The data points and 
associated error bars reflect the means and standard deviations of the measurements. The 
measurements were all done in regions with comparable thicknesses so that data from 
different specimens could be compared in a meaningful way.  
1E15 1E16 1E17
0.00E+000
2.00E+012
4.00E+012
6.00E+012
8.00E+012
1.00E+013
1.20E+013
1.40E+013
1.60E+013
1.80E+013
 Void Areal Density - Ex-situ Kr 1MeV 600C irradiations
 Void Areal Density - In-situ Kr 1MeV 600C irradiations
V
o
id
 a
re
a
l 
d
e
n
s
it
y
 (
n
u
m
b
e
r/
c
m
2
)
Irradiation dose (ions/cm
2
)
 
Figure 6.1. Void areal density dependence on irradiation dose for 1MeV 600C Kr irradiations 
on 5% La doped CeO2 
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Figure 6.2. Void diameter dependence on irradiation dose for 1MeV 600C Kr irradiations 
(both in situ and ex situ) 
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Figure 6.3. Void volume dependence on irradiation dose for 1MeV 600C Kr irradiations 
(volume is calculated on a per BF basis, both in situ and ex situ) 
Overall, the in situ experiment seems to yield higher number density of voids with similar 
void size. Seems is used here because the error bars of data points overlap. However, because 
the main sources of the error bars are believed to come from the variations in the sizes of the 
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voids, the higher number density is believed to exist in the in situ experiment specimen. As a 
result, the void volume is higher for the in situ experiment. The explanation of this difference 
is twofold. Firstly, the free surfaces readily available (due to relatively thin specimen) give 
rise to higher mobility of defect species as there is essentially no bulk material in the region of 
interest and therefore the concentration gradient serves as a driving force to move defects. 
Secondly, due to the same fact that the specimen is relatively thin, sputtering yield is much 
higher in the in situ experiments than ex situ experiments.  
A general trend of increasing number density and increasing void size can also be seen from 
the ex situ irradiation results. As a result, the void volume also shows a rising trend. The error 
bar is much bigger for the case of the dose level of 1 J 10]VGEW/BF as the size of the voids 
varies a lot (from 1.2nm in diameter to 3nm in diameter). The proof of this assertion can be 
seen later where the size distribution profiles of void structures are shown. 
It should be pointed out that the number density measured during data analysis is indeed areal 
number density instead of volume number density. This is because the exact thickness of the 
specimen was not measured, and instead only estimated in a rather crude way (with the 
location where overlap of STO substrate and CeLaO thin film begins). This is a classical 
problematic situation in the field of fission gas transport studies. As in the TEM images, the 
Fresnel contrasts on the void edge are the targets for measurements. As the TEM images 
provide a summation of information collected by the electron beam in the axial volume the 
beam passes through (looking into the images), overlapping of multiple features in the axial 
direction cannot be effectively recognized, especially in these cases where there are high 
density but small features. On the axial direction, there is very likely multiple void features, 
but they cannot be effectively recognized. As a result, a volume based measurement is made 
impractical unless Tomography related techniques can be applied. Therefore, it has been 
standard procedure for researchers in the past to focus mainly on obtaining areal number 
densities.  
The measurements were carried out in regions with comparable thickness for all the 
specimens to keep the results as reasonable as possible, but this would still introduce a certain 
level of error. Other major sources of error would include counting error (miss count or over 
count by visual misguidance) and error from the focus offset (including the discount from the 
192nm focus offset cases and the visual misguidance from all 128nm focus offset cases, 
although 128nm focus offset is believed to accurately reflect the size of void/bubble features). 
It is interesting to notice that the number density of voids increases at a much slower rate 
compared to the dose increase. An increasing trend on the measured average void diameter 
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can be clearly observed. This suggests that coalescence occurs in the material as the 
irradiation dose increases. If there is absolutely no coalescence and voids created are purely a 
reflection of ion beam displacing atoms, the number density of voids should be almost linear. 
A near linear trend in the data shown by linear-log scale indicates a much slower growth. The 
event based model is therefore not solid. In the rate theory related literatures [60], a crude 
square root law was suggested for coalescence based growth. This is much more likely in the 
results shown.  
The following figure 6.4 compares the size distribution of void features with different doses. 
Broadening of the size profile is very clearly demonstrated. The number density first 
increases and then decreases in general at the same time as void size increases. This suggests 
that at dose levels between 5 J 10VGEW/BF and 2 J 108VGEW/BF, the increase of void 
volume is mainly reflected in the increase of number density of void features. However, at 
higher dose regime, between 2 J 108VGEW/BF and 1 J 10]VGEW/BF, the number density 
decreases with size of voids further increased. It is important to observe that the diameter of a 
void only needs to be increased by 26% for the volume of the void to double, so the void size 
increase in this higher dose range is believed to be quite significant. This phenomenon further 
confirms the assertion made earlier that coalescence could have played a dominating role in 
the growth of voids. As more voids are created (between doses 5 J 10VGEW/BF  and 
2 J 108VGEW/BF), the probability that a void is close to another void increases non-linearly. 
As the probability of void coalescence is related to mobility of the voids and the distance 
between voids, the observed trend supports moderate mobility of voids with coalescence as 
the mechanism to grow. If the mobility of voids is high, even at low doses between 5 J
10VGEW/BF and 2 J 108VGEW/BF, the voids would have coalesced, making the number 
density go lower. The fact that the number density only goes lower after 2 J 108VGEW/BF 
indicates that coalescence are more readily occurring only when voids are closer to each other. 
As a result, the void mobility can be concluded as not high.  
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Figure 6.4. Void size distribution from 1MeV Kr irradiations at 600C on 5% La doped CeO2 
(lines are drawn between data points to only guide the eyes)  
The in situ irradiation can be observed to produce higher number density, but smaller size 
void structures. The total volume of voids calculated as shown in figure 6.3 is observed to be 
higher than the ex situ data trend. The higher volume in general can be explained by a 
combination of free surface effect (availability of free surfaces increasing the mobility of 
defect and defect clusters) and the sputtering effect (higher sputtering yield near surface). The 
size of voids being smaller, however, is a mystery that cannot be explained as of now. Further 
thought must be given with more experiments designed in the future in order to resolve this 
issue. Simulation by KMC or rate based calculations will be very helpful to clarify the 
mechanisms. 
Figure 6.5, figure 6.6 and figure 6.7 show void/bubble areal density dependence, void/bubble 
diameter dependence and void/bubble volume dependence on the irradiation dose for Xe ion 
irradiations at 600C on 5% La doped CeO2 respectively. The black data set shows the results 
of ex situ irradiation experiments with 700keV Xe ions and the red data set shows the results 
of the in situ irradiation experiments with 150keV Xe ions. Unfortunately, 700keV is the 
lower limit of the Van De Graff facility in MRL at UIUC. Therefore, the difference in 
implantation energy should also be taken into account when the two data series are compared. 
The measurements were all done in regions with similar estimated thickness so to make the 
comparison meaningful. 
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Figure 6.5. Bubble areal density dependence on irradiation dose for 600C Xe irradiations on 
5% La doped CeO2 
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Figure 6.6. Bubble diameter dependence on irradiation dose for 600C Xe irradiations (both in 
situ and ex situ) 
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Figure 6.7. Bubble volume dependence on irradiation dose for 600C Xe irradiations (volume 
is calculated on a per BF basis, both in situ and ex situ) 
It is very interesting to see that the trend of areal number density versus irradiation dose for 
Xe in situ irradiations is a reversed trend compared to that of Kr ex situ irradiations seen 
earlier. This is consistent with both Xe irradiation scenarios. This indicates a scenario of 
bubble coalescence with the coalescence rate higher than the Kr irradiation scenarios. This is 
due to the fact that 700keV Xe cascade impacts are very different from 1MeV Kr cascade 
impacts. With the much heavier element Xe and the higher density of energy deposition 
according to lower ion energy, a single Xe cascade impact creates a rather large volume of 
high disorder state in the lattice. In the thermal spike (few tens of a picosecond), the volume 
under such impact is considered in the amorphous state. Such a high energy deposition and 
high disorder state creates much better chances for the resulting structure to be able to relax to 
a lower energy configuration associated with the nearby lattice configurations. This 
associated nearby lattice configuration refers to possible bubbles or voids already formed and 
it is much bigger for the Xe irradiation than Kr irradiation scenarios. The much stronger 
coalescence shown here is therefore supporting evidence that cascade event based 
coalescence is a more dominant factor than diffusion based coalescence as the difference in 
the coalescence rate can be seen very different between Xe and Kr irradiations (the decrease 
in number density versus slight increase in number density). 
The following figure 6.8 compares the bubble size distributions between different Xe 
irradiation scenarios. Similar to what was observed with Kr irradiations earlier, the ex situ 
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data set shows a consistent broadening of bubble size distribution profile. The number density 
decreases above the dose level of 1 J 108VGEW/BF. There was no increase trend for bubble 
number density with increased dose level, contrary to the observations from the void number 
density in Kr irradiations.  
The trends in bubble number density and bubble size reflect an interesting point, with the 
concentration of Xe in the lattice increasing either by an increase in dose level or by a 
decrease in beam energy so that significantly more Xe ions are deposited in the regions with 
thickness of interest (around 80nm, Xe ion concentration is simulated to be 50% higher by 
SRIM2009), the number density of Xe bubbles shows a consistent decreasing trend. This is to 
say that when Xe concentration in the materials lattice builds up, the number density of Xe 
bubbles becomes smaller consistently. This provides a rather convincing case to argue that Xe 
bubble coalescence is happening in the material. 
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Figure 6.8. Bubble size distribution from 700keV and 500keV Xe irradiations at 600C on 5% 
La doped CeO2 (lines are drawn between data points to only guide the eyes)  
The higher number density for in situ Xe irradiations to the final dose of 1 J 108VGEW/BF 
reflects the same free surface effects and possible sputtering effects. However, in this case, it 
has to be realized that the size of the bubbles are not small for the in situ irradiation scenario 
compared to the ex situ irradiation scenarios. Even though the ion beam energy is lower 
(500keV as opposed to 700keV) for the in situ irradiation case, the difference in Xe 
deposition in the thickness of interest is 20% higher (~80nm), the general trend of increased 
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bubble size (or at least no decrease in bubble size) is believed to be unchanged. This in fact 
reflects that higher mobility induced by the free surfaces is probably not as strong an effect as 
the higher sputtering rate, which simply introduces more vacancy volumes to trap Xe atom 
species. Had the mobility of defect species been much higher, much bigger Xe bubbles would 
have been expected. This assertion also is confirmed by the earlier Kr irradiation case where 
the void size was actually seen to decrease when in situ irradiation results are compared to ex 
situ irradiation results. In the discussions provided earlier in the last chapter, defect mobility 
is believed to be only moderate. More evidence in the void/bubble growth investigations can 
now be seen to support such an assertion. 
Figure 6.9, figure 6.10 and figure 6.11 show respectively the comparison of void areal 
number density, void diameter and void volume with 1MeV Kr irradiations at 600C between 
5% La doped CeO2 and 25% La doped CeO2. The black data set shows the results of ex situ 
irradiation experiments on 5% La doped CeO2. The red data set shows the results of ex situ 
irradiation experiments on 25% La doped CeO2. The blue data point shows in situ 
experimental results for 5% La doped CeO2 simply for comparison. The measurements were 
all done in regions with comparable thicknesses so that data from different specimens can be 
compared in a meaningful way.  
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Figure 6.9. Comparison of void areal number density between 1MeV Kr irradiations at 600C 
on 5% La doped CeO2 and 25% La doped CeO2 
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Figure 6.10. Comparison of void diameter between 1MeV Kr irradiations at 600C on 5% La 
doped CeO2 and 25% La doped CeO2 
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Figure 6.11. Comparison of void volume between 1MeV Kr irradiations at 600C on 5% La 
doped CeO2 and 25% La doped CeO2 
Differences in the areal number density of voids can be clearly seen. However, with the 
seemingly smaller voids, the total volume of voids can be seen rather similar when 
comparisons are made between 5% La doped CeO2 and 25% La doped CeO2. This cannot 
account for the big difference in the initial concentration of oxygen vacancies if the vacancies 
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are believed to all cluster to become voids with identifiable size. It is therefore thought that 
the initial high population of vacancies is not clustered into voids of sizes readily identifiable 
by under/over focusing techniques in TEM. Smaller void clusters are expected based on the 
above observation. However, with only two data points for 25% La doped CeO2 irradiations, 
consistency in trends can hardly be established. The above provided explanation is therefore 
speculative in nature.  
It is then interesting to compare the void size distributions between results from irradiations 
on 5% La doped CeO2 and results from irradiations on 25% La doped CeO2 with a 
corresponding dose level.  The following figures 6.12 and 6.13 present such comparisons. A 
rather clear insight can be drawn from these comparisons that the voids are consistently 
smaller, but that they are present with much higher number densities in the irradiations carried 
out on 25% La doped CeO2. Decreased coalescence is therefore determined to have caused 
the dramatic differences. The underlying mechanism to cause less coalescence deserves more 
in-depth discussions here. 
It is useful to reflect on the past work by J. Faber et al. [57] that has been introduced in 
Chapter 2 earlier. The dc conductivity reflects the oxygen vacancy diffusivity as the 
mechanism of charge transfer inside this material is believed to be via an oxygen vacancy 
mechanism [61]. As a result, the curve of dc conductivity versus dopant concentration in [57] 
reflects oxygen vacancy self-diffusivity change with La dopant concentration within the CeO2 
lattice. As discussed earlier, 5% La concentration was chosen to ensure the close to maximum 
oxygen vacancy diffusivity and 25% La concentration was chosen to investigate the change 
on defect mobility given this result that at 25% La concentration the dc conductivity becomes 
significantly lower (almost 2 orders of magnitude). The activation energy for oxygen vacancy 
is also shown in reference [57], where the smallest value in the activation energy in La doped 
CeO2 occurs at the concentration of about 1 atom%, which is inconsistent with the diffusivity 
data as the pre-exponential factor is also dependent on the La composition. But in general, the 
5 atom% La concentration provides an activation energy value close to the minimum value 
and the 25 atom% La concentration provides a much higher activation energy (about 1.1eV as 
opposed to about 0.75eV). This is also confirmed by the KMC simulation done in this work 
which will be shown later in Chapter 7. 
It can therefore be seen that the oxygen vacancy self-diffusivity is expected to be significantly 
lower by about two orders of magnitude in 25% La doped CeO2 compared with 5% La doped 
CeO2. It therefore helps to explain the reason why coalescence is reduced. With mobility of 
oxygen vacancies suppressed by about two orders of magnitude, the probability of void 
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coalescence becomes much smaller. Only voids very close to each other can effectively 
coalesce and form bigger voids.  
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Figure 6.12. Comparison between void size distribution of 5% La doped CeO2 and 25% La 
doped CeO2 (1MeV Kr irradiations at 600C to a same dose of 5 J 10VGEW/BF) (lines are 
drawn between data points to only guide the eyes) 
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Figure 6.13. Comparison between void size distribution of 5% La doped CeO2 and 25% La 
doped CeO2 (1MeV Kr irradiations at 600C to a same dose of 5 J 10VGEW/BF) (lines are 
drawn between data points to only guide the eyes)  
In the following figure 6.14, the void distribution profiles are compared between different 
irradiation doses within the data set of Kr irradiations on 25% La doped CeO2. The void size 
distribution profile has very limited broadening indicating small change in the void sizes. The 
number density does not seem to change either, suggesting very limited growth in void sizes 
in general. The in situ data, in this case, shows a rather interesting comparison. The void size 
increase can be seen clearly with the void size distribution profile apparently broadened. The 
smaller number density could suggest more coalescence, but as the dose is not consistent with 
ex situ data, such speculation is not encouraged. With the insights earlier that oxygen vacancy 
mobility is down two orders of magnitude, the enhanced coalescence by void diffusions is 
rather questionable. The explanation then could be more on the higher sputtering rate as the 
materials in the regions of interest are essentially near surface materials rather than bulk 
materials. It is then thought that the enhanced coalescence could have happened with simply 
more nearby volume opening up under the sputtering of the ion beam. The coalescence in this 
sense is believed to happen in a rather short time frame as the thermal spike would put a small 
volume of the material lattice at a very high disorder state so it could very effectively find the 
lower energy configurations when quenching happens (all events occur within a few 
picoseconds). This explanation, however, cannot account for the earlier in situ data that could 
not be explained. If the sputtering enlarges the void sizes more than it introduces higher 
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number density of voids, then what was observed in figure 6.14 could be explained but not 
what was observed in figure 6.4. On the other hand, if the sputtering leads to higher number 
density of voids but not necessarily larger voids, what was observed in figure 6.4 might be 
explained but what was observed in figure 6.14 cannot. It therefore remains a mystery and 
more efforts will have to be devoted to resolve the unexplained facts presented mainly by 
figure 6.4. 
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Figure 6.14. Comparison of void size distributions between different doses with 1MeV Kr ex 
situ irradiations in situ irradiations at 600C on 25% La doped CeO2 (lines are drawn between 
data points to only guide the eyes)  
Figure 6.15, figure 6.16 and figure 6.17 show the comparison of Xe bubble areal number 
density, bubble diameter and bubble volume with 700keV Xe ex situ and 500keV Xe  
in situ irradiations at 600C between 5% La doped CeO2 and 25% La doped CeO2 respectively. 
The black data set shows the results of ex situ irradiation experiments on 5% La doped CeO2. 
The red data set shows the results of ex situ irradiation experiments on 25% La doped CeO2. 
The blue data point shows in situ experimental results for 5% La doped CeO2 simply for 
comparison. The measurements were all done in regions with comparable thicknesses so that 
data from different specimens can be compared in a meaningful way.  
Compared to the trend in 5% La doped CeO2 that has been discussed earlier, the trend in 25% 
La doped CeO2, in terms of areal number density of Xe bubbles, can be seen to not differ too 
much. The number density seems to increase when the dose is raised from 5 J 10VGEW/
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BF to 1 J 108VGEW/BF. However, that increase is much smaller compared to the error bar 
of the measurements. The number density in the higher dose, 4 J 108VGEW/BF, is believed 
to be smaller. The size of the Xe bubbles can be seen consistently smaller in the case of 25% 
La doped CeO2 irradiated with Xe ion beam. Although the error bars overlap in each of the 
dose point, the difference is believed to exist due to qualitative observations, and the fact that 
the error bars are not representations of systematic error but rather reflections of the wide 
range of bubble size distributions.  
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Figure 6.15. Comparison of bubble areal number density for 700keV Xe en-situ irradiations 
and 500keV Xe in situ irradiations at 600C between 5% La doped CeO2 and 25% La doped 
CeO2 
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Figure 6.16. Comparison of bubble diameter for 700keV Xe en-situ irradiations and 500keV 
Xe in situ irradiations at 600C between 5% La doped CeO2 and 25% La doped CeO2 
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Figure 6.17. Comparison of bubble volume for 700keV Xe en-situ irradiations and 500keV 
Xe in situ irradiations at 600C between 5% La doped CeO2 and 25% La doped CeO2 
It has been shown that the areal number density information alone does not offer strong 
enough insights to what is happening in the materials. However, once the information is 
combined with the size distribution profiles of the void/bubble features, it becomes much 
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more informative. To this end, the following figure 6.18, 6.19 and 6.20 are provided to show 
the change in bubble size distributions at different irradiation doses. 
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Figure 6.18. Comparison of bubble size distribution between 1MeV Kr irradiations at 600C 
on 5% La doped CeO2 and 25% La doped CeO2 (lines are drawn between data points to only 
guide the eyes) 
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Figure 6.19. Comparison of bubble size distribution between 1MeV Kr irradiations at 600C 
on 5% La doped CeO2 and 25% La doped CeO2 (lines are drawn between data points to only 
guide the eyes)  
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Figure 6.20. Comparison of bubble size distribution between 1MeV Kr irradiations at 600C 
on 5% La doped CeO2 and 25% La doped CeO2 (lines are drawn between data points to only 
guide the eyes)  
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It is quite clear that there is a consistent trend reflected in the three figures provided. The 
bubble size distribution profiles are always narrower but taller in the cases of Xe irradiations 
on 25% La doped CeO2. This echoes with the observations made earlier for the Kr 
irradiations. The insight is therefore the same: there is less coalescence happening in the 
materials lattice for 25% La doped CeO2. However, the evidence that supports the similar 
explanation for the cases of void size in earlier discussions cannot be borrowed directly. The 
reason is that even though the experimental and simulation results suggested much lower 
oxygen vacancy mobility, it does not imply necessarily lower mobility of Xe species. It is 
then thought that the mechanism of Xe transport inside this material lattice is key in order to 
interpret the trends observed in this work. 
Unfortunately, there was no work found, up to now, that discussed the form of Xe in CeO2 
related materials. However, multiple works have provided very helpful discussions on Xe 
solution and transport in UO2. This information is believed to be very valuable and could 
provide key insight into the solution and transport of Xe in CeO2 related materials. In these 
works, Xe is believed to be mostly trapped in neutral tri-vacancies in the UO2 material lattice 
(a tri-vacancy cluster in this case is composed of two oxygen vacancies and one uranium 
vacancy). This occurs because such configurations provide the lowest energy configurations 
to accommodate Xe atoms. This has become a widely agreed upon result in the field, but 
there have been many debates on the migration of Xe inside UO2. However, most works 
agreed that Xe diffusion in oxides is closely related to oxygen vacancies in the material 
systems. It is therefore decided that the mechanism of Xe migration will not be speculated 
here but an assumption will be made that the Xe diffusivity will be largely depending on the 
oxygen vacancy mobility. 
With the above assumption, the difference between the results from Xe irradiations on 5% La 
doped CeO2 and on 25% La doped CeO2 can be explained. The high Lanthanum 
concentration provided trapping sites for oxygen vacancies to cluster and therefore reduced 
the diffusivity of oxygen vacancies. The Xe diffusivity is therefore reduced as well because 
the Xe migration is now believed to be associated with the migrations of oxygen vacancies.  
In the following figure 6.21, the Xe bubble distribution profiles are compared between 
different irradiation doses within the data set of Xe irradiations on 25% La doped CeO2. The 
evolution (though with big error bars) tends to reflect an increase in the number density of Xe 
bubbles when the irradiation dose was increased from 5 J 10VGEW/BF  to 1 J
108VGEW/BF  followed by a decrease when the dose is further increased from 1 J
108VGEW/BF to 4 J 108VGEW/BF. The broadening of the profile is limited but can be 
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observed. This then confirms the earlier made assertion that limited oxygen vacancy mobility 
played a dominant role in this higher La concentration material lattice.  
The in situ data seems to present less broadening compared to the ex situ data, in contrast to 
what was observed for Kr irradiation-induced voids. The sputtering effect has been speculated 
earlier in a rather inconclusive way with the discussions on Kr irradiation-induced voids. 
Therefore, the same speculations will not be repeated here.  
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Figure 6.21. Comparison of bubble size distributions between different doses with 700keV Xe 
ex situ irradiations and 500keV Xe in situ irradiations at 600C on 25% La doped CeO2 (lines 
are drawn between data points to only guide the eyes)  
Also observed is the difference between the magnitudes of the broadening suggesting possible 
higher coalescence reduction for Kr compared to Xe ex situ irradiations given the much lower 
mobility of oxygen vacancies. This would support the assertion that more coalescence is 
cascade based rather than diffusion based. Otherwise, the reduction on the magnitude of 
broadening would have been rather similar.  
The following figures 6.22 and 6.23 show under focused and over focused TEM images of 
700keV Xe irradiations at 600C on 5% La doped CeO2 to a dose level of 1 J 10]VGEW/BF. 
The images focused on the same region. However, very interestingly, the bubble structures 
reflected by the Fresnel fringe contrasts are quite different. A lot of bubbles that can be seen 
clearly with over-focusing conditions cannot be seen clearly in the under-focusing conditions. 
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Careful through focus experiment was performed to try to explain that discrepancy. One 
explanation seems to stand out: the bubble features are so densely distributed inside the 
material lattice that different layers of bubbles show up in strong contrasts when the beam is 
focused close to that particular plane (the plane at which the layer of bubbles lie in). Figure 
6.24 presents a direct illustration of the big difference between the bubble size distributions 
measured in a deeper zone and a near surface zone. A much more broadened profile with a 
long tail can be seen, indicating that diffusion has played big effects in this near surface zone 
as to cause significant coalescence in this zone. This suggests a rather high near surface (ion 
beam first impact surface) diffusivity for Xe bubbles in combination with a high sputtering 
rate near the specimen first impact surface. Unfortunately, due to the unavailability of the Van 
De Graff instrument, the same experiment was not carried out on 25% La doped CeO2, which 
would yield better insights to the diffusivity of Xe inside the latter material, and also possibly 
shed some light onto the sputtering rate and how much it could impact the results for 
void/bubble measurements. 
 
Figure 6.22. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 planar 
view specimen to a dose of 1 J 10]VGEW/BF – under focus shot (128nm under focus) 
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Figure 6.23. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 planar 
view specimen to a dose of 1 J 10]VGEW/BF – over focus shot (128nm over focus) 
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Figure 6.24. Comparison of bubble size distributions between different zones (near surface 
zone and deeper zone) with 700keV Xe ex situ irradiations at 600C on 5% La doped CeO2 to 
a final dose of 1 J 10]VGEW/BF (lines are drawn between data points to only guide the eyes) 
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Another very important finding is illustrated in the following figure 6.25. Fresnel fringes that 
would appear when different material lattices overlap can be clearly identified in this bright 
field TEM image at about in focus. These structures can be seen from earlier TEM images 
with under/over focusing conditions. However, they are most clearly seen when the focusing 
condition is near in focus and when the specimen is tilted to be close to the zone axis. The 
structures are believed to be solid state Xe precipitates as they are represented by some extra 
spots in the SAD diffraction patterns. The SAD diffraction pattern is shown in figure 6.26. 
The extra diffraction spots correspond to an f.c.c. type atomic structure with a lattice constant 
of about 6.0nm. This is the form that most Xe solid state precipitates have been observed [62] 
[63]. Figure 6.27 (a) and (b) illustrate the High Resolution TEM (HRTEM) image of such 
faceted solid state Xe precipitate structure and the corresponding Fast Fourier Transform 
(FFT) in order to show the different facets of the precipitate structure. It can be seen that the 
structure has both (200) and (220) type of facet planes. Further experiments near the [011] 
zone will be needed to illustrate the three dimensional structure of such precipitate.  
The discovery of the faceted solid state Xe precipitates shows an important factor that 
simulations work carried out later will need to account for. The factor is the solution of Xe 
inside the CeO2 and La doped CeO2 material lattice or pure CeO2 lattice. It suggests a possible 
competing mechanism at high dose range of the irradiations. This is to say that when the Xe 
concentration in the material lattice becomes very high, Xe tends to stay either in a bubble 
form or precipitate from the lattice. The Xe atoms in solution with the material lattice can 
migrate to a bubble structure and get absorbed into such structures, or they can migrate to 
become associated with other Xe atoms in solution and precipitate as solid state Xe 
precipitates when there are enough  Xe atoms available. A very crude estimate indicates that 
there are about 1,400 Xe atoms in one of such precipitate structure. The formation of such a 
structure then requires a huge concentration of Xe coming close enough to each other. It can 
therefore be speculated that room temperature experiments might not produce these structures 
simply due to the low mobility of Xe. In other words, such precipitates might only be 
expected in the lattice at room temperature when the random injection of Xe by implantation 
can gather some 1,400 Xe atoms in a solid state lattice structure. The dose can then be 
expected to be extremely high. As 25% La doped CeO2 has much lower Xe mobility as 
discussed earlier, a same dose experiment on that material could be very informative. 
Interestingly, similar precipitates have not been found in room temperature experiments on 
either 5% La doped CeO2 and 25% La doped CeO2 at rather similar dose level. At 600C, a 
lower dose level such as 4 J 108VGEW/BF clearly does not produce such solid state Xe 
precipitates. The precipitates were, however, found in pure CeO2 (from Bei Ye’s experimental 
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results on pure CeO2) irradiated with 700keV Xe at a much wider dose range (from 1 J
10]VGEW/BF  down to 2 J 108VGEW/BF), but only at 600C, not the room temperature 
experiments. This could suggest that the formation of such Xe precipitate is a thermally 
activated process. Further investigations need to be done to explain the dose dependence of 
the formation of solid state Xe precipitates on different materials (pure CeO2, 5% La doped 
CeO2 and 25% La doped CeO2).  
 
Figure 6.25. Illustration of possible solid state Xe precipitates in 5% La doped CeO2 with 
700keV Xe ex situ irradiations at 600C to a dose of 1 J 10]VGEW/BF 
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Figure 6.26. SAD diffraction pattern of the possible solid state Xe precipitates as satellite 
diffraction spots can be seen from this pattern (the contrast is totally inversed for this image to 
better show the existence of extra diffraction spots, which are marked by red arrows) 
 
Figure 6.27. (a) HRTEM image of the possible solid state Xe precipitate and (b) the 
associated FFT showing the facets of the structure 
6.3 Summary 
To summarize the findings provided by the irradiation experiments at high dose regime (dose 
level higher than or equal to 5 J 10VGEW/BF), the following conclusions are provided.  
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1. The number density of voids produced by Kr irradiations at 600C increases as 
irradiation dose is increased. Coalescence of voids could have driven the growth of 
the size of the voids. 
2. The number density of Xe bubbles produced by Xe irradiations at 600C decrease as 
irradiation dose is increased. This is attributed to the enhanced coalescence of Xe 
bubbles.  
3. Diffusion based coalescence is thought to have contributed much less than cascade 
event based coalescence. 
4. Lanthanum trapping causes much lower (two orders of magnitude) mobility of 
oxygen vacancy defects leading to much less coalescence in the 25% La doped CeO2 
material lattice compared to the 5% La doped CeO2 material lattice. 
5. Sputtering effect could have played a bigger role than free surface effects to 
contribute to the more coalescence and therefore the higher volume of void/bubble 
structures seen in in situ irradiations compared to ex situ irradiations. 
6. Faceted solid state Xe precipitates form at relatively high dose (1 J 10]VGEW/BF) 
with 600C 700keV Xe ex situ irradiation. Such solid state Xe precipitation is believed 
to be a thermally activated process. 
Unfortunately, TEM observations alone often can provide only strong qualitative insights but 
not strong quantitative information. However, the purpose of this work is to provide 
benchmarking results to KMC simulation models and more importantly, to provide key 
insights as guidelines on the conceptual level to the construction of mechanisms in the KMC 
model. To this end, this investigation has successfully provided such insights and those 
guidelines should then be put into the KMC model and tested.  
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CHAPTER 7. PRELIMINARY RESULTS AND INSIGHTS 
7.1 Lattice Simulations by GULP: Lanthanum Trapping and Oxygen Vacancy 
Clustering 
In order to validate the pair potential for lanthanum doped ceria, kinetic Monte Carlo (KMC) 
simulations are proposed to obtain oxygen self-diffusivity. The preliminary simulation results 
in this chapter have also generated significant insights which help guide the experimental 
work. These results also offer very useful explanations to the experimental work in the 
void/bubble growth as will be discussed later in this chapter.  
The conventional methods to validate developed atomic potentials are mainly through 
Molecular Dynamics (MD) simulations. The results are usually compared to experimental 
data such as lattice thermal expansion, and lattice expansion/contraction with varying dopant 
concentrations. Due to the time scale and length scale limitations, MD results can hardly be 
validated with other experimental results (which are essentially macroscopic). Kinetic Monte 
Carlo, however, provides a feasible way to extend on the time scale limitation. A lot of results 
obtainable with TEM techniques and other experimental techniques regarding the transport 
phenomena in materials can be modeled with KMC models (formation of bubbles, for 
example). Therefore, developing KMC models that can accurately capture the basic point 
defect kinetics in one material will lay out the foundation for simulation works on modeling 
fission gas transport in that specific material. This is why it is so important to have both the 
KMC model and the atomic potentials validated at first. 
In KMC, an event catalog has to be generated with defect migration energy barriers. These 
energetics data are usually obtained by lattice calculations or molecular dynamics. In this 
work, GULP 3.0 (General Utility Lattice Program) is used to perform these calculations.  
In GULP, a unit simulation volume is generated as a lattice consisting of 4 J 4 J 4 
conventional unit cells of CeO2 (768 atoms). Periodic boundaries are then applied to extend 
the lattice system to an infinitely size. A vacancy defect is generated by the GULP command 
vacancy in the lattice. A local dopant environment is then created by substituting the first 
nearest neighbor cations to the vacancy. By reduced symmetry, there are 30 configurations in 
total that has to be taken into account. A figure in reference [38] shows a schematic drawing 
of the local dopant environment created by GULP. The dashed arrow and square 
demonstrates the migration path and the final position of an oxygen vacancy. The labeled 
atoms (1-6) are the first nearest neighbor cation positions to the migrating vacancy. The 30 
(after reduced symmetry) configurations include all possible configurations with none to all 
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six cations substituted by lanthanum. These configurations are then coded into a database 
from which KMC will generate the event catalogs. 
A Mott-Littleton approach is used to estimate the defect energies and therefore defect 
migration barriers [53]. By this approach, the environment around the defects is divided into 
three regions by two concentric spheres. Inside the smallest one, ions are strongly affected by 
the presence of defect and interactions are calculated explicitly and the lattice fully relaxed 
(region I). In the intermediate region (region II), atoms are weakly perturbed leading to a 
harmonic relaxation. The outside region (region III) is treated as a dielectric medium. Both 
energy minima – corresponding to stable defect configurations – and energy saddle point – 
corresponding to the migration of atoms – can be considered with this approach. Saddle 
points are calculated using the RFO (Rational Function Optimization) procedure [54]. Since 
the migration energy is the difference between the energy at a saddle point and the minimum, 
the Mott-Littleton approach is very attractive. To make sure of the accuracy of results by the 
GULP calculations, different region sizes are used to calculated defect migration energy in 
two extreme cases: with none lanthanum dopant and with all six dopants in the first nearest 
neighbor cation sites to the oxygen vacancy. Listed below in table 7.1 are the results of the 
simulation. The simulation was performed with Yttrium (Y) as the dopant, but the results 
reflect a conclusion that is transferable in general to other dopant cases. 
It is observed from the simulation results that the defect energy dropped with increased region 
sizes when the regions are small. The energies then become flat (reach a convergence level) at 
around 12-25 or 13-30, and stay quite stable with further increases on region sizes. The 
oxygen vacancy migration energy also becomes stable within a c0.0025 interval at the 
region sizes of 12-25. It is also noticed that computation time increased by as large as ~43% 
when region I size was increased from 12 to 13. Consequently, final region sizes of 12 Å - 
25 Å were selected for performing GULP calculations of defect migration energies. 
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Region I 
size – 
region II 
size (Å – Å) 
Defect 
energy – no 
dopants 
(eV, energy 
minimum) 
Defect 
energy – no 
dopants 
(eV, saddle 
point) 
Defect 
energy – 6 
dopants 
(eV, energy 
minimum) 
Defect 
energy – 6 
dopants 
(eV, saddle 
point) 
Migration 
energy – 
no dopants 
(eV)  
Migration 
energy – 6 
dopants 
(eV) 
9-21 15.5 15.864 214.627 215.361 0.364 0.7338 
10-23 15.488 15.8462 214.569 215.304 0.3582 0.7351 
11-24 15.4737 15.8273 214.553 215.293 0.3536 0.7393 
12-25 15.4695 15.8209 214.522 215.262 0.3514 0.7395 
13-30 15.4654 15.8165 214.513 215.252 0.3511 0.7386 
14-31 15.4616 15.8136 214.501 215.238 0.352 0.7372 
15-33 15.4623 15.8114 214.498 215.237 0.3491 0.7389 
16-35 15.4624 15.8168 214.495 215.236 0.3544 0.7409 
Table 7.1. Oxygen vacancy migration energies vs. region I and region II sizes 
Although GULP has been extensively used for calculating defect energies and migration 
energies, the code is validated in this study by benchmarking against available data from more 
accurate first principle calculations [38]. Table 7.2 presents the benchmark results. 
Configuration code 
Density functional 
theory calculations 
[38] 
GULP calculation 
(eV) 
Difference (eV) 
(GULP - DFT) 
0Y 0.67 0.585 -0.085 
1Y1 0.2 0.1352 -0.0648 
1Y2 1.19 1.0411 -0.1489 
1Y3 0.8 0.753 -0.047 
2Y1 0.23 0.186 -0.044 
2Y2 0.88 0.8125 -0.0675 
2Y3 0.39 0.3008 -0.0892 
2Y4 0.62 0.5974 -0.0226 
2Y5 1.23 1.1953 -0.0347 
2Y6 0.71 0.6125 -0.0975 
2Y7 0.45 0.4757 0.0257 
3Y1 0.7 0.7366 0.0366 
3Y2 0.28 0.3538 0.0738 
3Y3 1.2 1.1458 -0.0542 
3Y4 0.79 0.7508 -0.0392 
3Y5 1.09 1.0458 -0.0442 
3Y6 1.4 1.2334 -0.1666 
3Y7 0.94 0.9365 -0.0035 
Table 7.2. Comparison between GULP and DFT predicted oxygen vacancy migration 
energies in YSZ 
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The results indicated a general tendency of underestimating oxygen vacancy migration values 
by GULP when compared to the first principle DFT results [38]. Only 18 configurations are 
compared because the DFT calculation only considered up to three nearest neighbor dopants. 
This benchmark study shows that GULP does provide defect migration energetics data with 
reasonable accuracy.  
In table 7.3, estimations of oxygen vacancy migration energies in La doped CeO2 by GULP 
are reported. A KMC event catalog will be generated with these data to help model ionic 
conductivity in La doped CeO2. The KMC algorithm and the approach to model ionic 
conductivity will be introduced in the next section. 
Configuration code 
O migration energy 
by Gotte [35] 
potential (eV) 
O migration energy 
by Minervini [11] 
potential (eV) 
O migration energy 
by Butler modified 
[34] potential (eV) 
0L 0.3276 0.3063 0.7489 
1L1 1.0259 1.1403 1.4723 
1L2 0.5232 0.3758 0.6324 
1L3 0.1477 0.1278 0.5366 
2L1 1.789 2.1444 1.0307 
2L2 1.193 1.1141 2.231 
2L3 0.7812 0.9167 1.4425 
2L4 0.7604 0.4723 1.0875 
2L5 0.3444 0.2181 0.8875 
2L6 0.3461 0.1885 0.4775 
2L7 0.0666 0.0928 0.1889 
3L1 1.8705 1.949 1.9202 
3L2 1.4549 1.8173 1.7113 
3L3 1.3835 1.0907 1.3448 
3L4 0.9539 0.9127 1.0109 
3L5 0.9503 0.8765 1.0021 
3L6 0.487 0.6244 0.8691 
3L7 0.5811 0.2754 0.4875 
3L8 0.1307 0.1646 0.2703 
4L1 0.3634 0.1166 0.3282 
4L2 0.6648 0.6118 0.7476 
4L3 1.1541 0.881 1.0491 
4L4 1.0656 1.4646 1.3181 
4L5 1.54 1.6403 1.4692 
4L6 1.559 1.6416 1.4669 
4L7 1.8676 1.6653 1.7879 
5L1 0.8811 0.6319 0.7995 
5L2 1.1748 1.2985 1.0975 
5L3 1.5779 1.3804 1.3728 
6L 1.245 1.0795 1.0531 
Table 7.3. Predicted oxygen vacancy migration energies in La doped CeO2 by GULP 
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There are several interesting points to raise from the oxygen migration energy obtained by 
GULP. Firstly, predictions by Gotte [35] and Minervini [11] potentials yield migration energy 
of 0.3276eV and 0.3063eV, respectively. These values are lower than the experimentally 
measured value of 0.4-0.5eV by Wang te al [14]. This is somewhat consistent with the 
tendency of underestimation reflected by the comparison in table 7.1. First principle DFT 
calculations are believed to give the most accurate estimates in atomic scale simulations. 
Therefore, these discrepancies, combined together, suggest that GULP tends to underestimate 
defect migration barriers by the established potentials for CeO2. Secondly, oxygen migration 
energies predicted by Butler modified [34] potential are, on average, 0.14eV higher than the 
other two sets of data (which are on average close to each other). This is also consistent with 
the observation in modeling Yttrium doped ceria (the data are not presented here as they have 
no direct connections to this study). Therefore, it’s possible that the Butler modified potential 
for ceria tends to over predict the migration energies. Finally, there are configurations that 
have much higher energies than other configurations, e.g. 1L1, 2L1, 2L2, 3L1, 3L2, 3L3, 4L4, 
4L5, 4L6, 4L7, 5L2, 5L3 and 6L whereas other configurations such as 1L3, 2L7, 3L8 and 
4L1 have relatively small energy migration barriers. An investigation into the configurations 
revealed that when there are La dopants occupying both positions 3 and 4 (in [38]), the 
migration energy is relatively high. This is probably due to the fact that e@’s atomic radius 
is very large compared to that of  (1.11 Å compared to 0.97 Å). The presence of two La 
dopants on the saddle plane leaves a very limited “channel” for oxygen ion to pass through. 
Also found is that e@, having an effective negative charge when substituting in a  
lattice site, “pushes away”  negatively charged oxygen ions (or attracts oxygen vacancies). 
This effect is significantly larger than the similar effect in Y doped CeO2 (0.2eV – 0.3eV 
lower migration energy), suggesting that La tends to attract oxygen vacancies in its periphery 
and form defect clusters. This is a very initial observation on the trapping effect of 
Lanthanum. 
Oxygen defect interactions have been modeled with GULP to investigate the clustering 
mechanisms. Like in the La trapping simulations, interactions between oxygen vacancies and 
neighboring oxygen vacancies are modeled. Only first nearest neighbor and second nearest 
neighbor vacancies are considered. Third nearest neighbors are deemed too far away to have 
influence on each other. The following diagram in figure 7.1 demonstrates the four case 
scenarios considered in this model.  
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Figure 7.1. Four case scenarios for 1st and 2nd nearest neighbor interactions between two 
oxygen vacancies on oxygen vacancy migration (with all symmetries taken into account) 
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Figure 7.2. Oxygen vacancy migration energy calculations by GULP (lines are drawn 
between data points to only guide the eyes)  
It can be seen from the above plots that the configuration energy always starts to drop and 
then increases followed by a final drop to below the starting configuration energy. As the four 
case scenarios are consistent in a sense that oxygen atoms are moving away, which implies 
that oxygen vacancies are moving closer to the other oxygen vacancy set to pre-exist on the 
lattice, the trends then consistently reflect a fact: oxygen vacancies tend to attract each other. 
This then suggests that without the influence of La, oxygen vacancies are expected to cluster 
to some extent with that extent depending on the temperature of the configuration. In the 
GULP simulation, only the moving oxygen atom is fixed at certain locations when 
configuration energies are calculated. All other lattice atoms are allowed to relax. This then 
confirms a common pitfall of lattice KMC modeling: only lattice sites are allowed in LKMC 
models while the atoms near a defect or defect structure are in fact always not on the lattice 
sites exactly. It then raises the question what energy should the model adopt as the 
configuration energy of the starting point of one migration illustrated in the above. The 
answer tentatively suggested by this work is the lower energy close to the starting point 1 (in 
case two, this refers to point 3, in all other cases, this refers to point 2) as this energy reflects 
the relaxed configuration energy with the existence of oxygen vacancy taken into account.  
One more interesting observation is that there is always a drop at the beginning of the curve 
suggesting that the lowest energy configuration is in fact not a configuration putting oxygen 
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atom on the oxygen sub-lattice site, but rather a nearby position away from the sub-lattice site. 
This is then thought to be a result of the lattice relaxation when an oxygen vacancy is present 
in the oxygen sub-lattice.  
If the temperature is very high, say more than half of the material melting temperature, 
oxygen vacancies are expected to form big clusters as the oxygen vacancies keep getting 
trapped into the cluster making the cluster grow in size. This occurs because the very high 
temperatures supply enough energy thermally to overcome the jump barriers seen in the 
above presented plots. However, at lower temperatures, how the material behaves is an 
unknown matter. To this end, the above migration energy data have been put into the KMC 
model to simulate a thermal annealing scenario where the material lattice will be given a 
temperature of 1100C, which is the temperature at which the specimens had been annealed for 
more than 20 hours after they were grown at 700C.  
The preliminary results from this simulated annealing are presented in the following section.   
7.2 Initial Testing of the Lanthanum Trapping Effects and the Oxygen 
Vacancy Interactions for Lanthanum Doped Ceria 
In order to model fission product transport in nuclear fuel in the future, a complete modeling 
approach must be established, including the formation of point defects induced by irradiation, 
the clustering of vacancy type of defects and fission gas to form bubbles, the thermal 
transport of defects, and dissociation of fission product atoms (gas atoms) from the bubbles 
(bubble resolution). A lattice kinetic Monte Carlo (LKMC) approach is proposed to address 
this need. From the past experience of Maria A. Okuniewski, the development and validation 
of the approach is very likely to take years of dedicated work. A set of atomic potential that 
can accurately describe the kinetics within the material and model the transport of point 
defects is the foundation. The modeling part of this study is therefore aimed to serve this end. 
A unique advantage of applying this approach to the CeO2 system is that only vacancies are 
mobile, leading to a desired situation where the model can be tested with one set of 
parameters (the migration energies of oxygen vacancy) only. The model will then be modified 
to include interstitials and other defect clusters. This ensures the checking of model 
parameters at each important development milestone of the simulation package. Experimental 
results will hopefully bring about key data or insights into the further modeling of interstitials 
and other clustered defects such as bubbles, etc.  
As described in the earlier, GULP has been used to obtain vacancy migration energies with 
different local dopant configurations. These energetics data are incorporated into a KMC 
event catalog database. A lattice consisting 75 J 75 J 75 conventional unit cells is set up 
119 
 
followed by a random substitution of  by e@ according to the desired La concentration. 
Oxygen atoms are randomly taken out of the lattice sites to create oxygen vacancies 
according to the e@ concentration (note that vacancies will not be placed to be the first 
nearest neighbor of another vacancy). 10 to 20 such initializations will be done for each study 
with different e@ concentrations in order to obtain a statistically sound result. After the 
initialization, the Monte Carlo loop is then started. The following describes the procedure of 
the main Monte Carlo loop. 
1. A 6 way scan will be performed for each vacancy on the c, cf and cg directions. On 
each of the scanning directions, one specific local dopant configuration will be found. As a 
result, 6 events will be incorporated into the event catalog with migration energies 
matched to the local dopant configuration  
2. When all vacancy scans have been performed, a rate will be calculated by the following 
equation: 
'% (  hi%jklm%nexp 	 oi%jklm%npqr  
where '% is the jump rate, hi%jklm%n is the jump attempt frequency which equals the Debye 
frequency of the lattice, oi%jklm%n is the vacancy migration energy, pq is the Boltzman 
constant and T is the temperature in K 
3. Accumulative rate s% and total rate sm are calculated according to the following equations: 
s% (  t '&
&u%
&u
, sm (  t '%
vk lww %
 
4. A random number '@E# (between 0 and 1) is generated by the computer random number 
generation code 
5. Event V is selected if the following relationship is satisfied: 
s%  x '@E# J sm  y  s% 
6. A random jump of event i is performed 
7. The lattice is updated according to the performed jump 
8. Another random number '@E#1 (between 0 and 1) is generated and time is advanced 
according to the following equation: 
∆{% (   ln 	'@E#1sm  
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where ∆{% is the incremental of time 
9. If the number of random jump performed has reached the desired number, main KMC loop 
is terminated. If not, the main KMC loop will re-iterate from step 1 
After the main KMC loop is completed, total time is calculated as { (  ∑ ∆{%lww %  and oxygen 
vacancy diffusivity is obtained by the following: 
}v ( HVFm~bbb/6{ 
where bbb is mean square displacement of oxygen vacancy. Subsequently, the oxygen self-
diffusion coefficient can be calculated by } (  }v  where   is the mole fraction of 
oxygen vacancy [38].  
Ideally, all proposed pair potentials of La doped ceria will need to be tested with the above 
described LKMC approach. The result should be compared to the dc electric conductivity 
measurements by J. Faber et al. [57]. As results from different potentials are compared, a 
discussion can then be provided and a final recommendation of suitable potential/potentials 
for the future modeling work in ceria and La doped ceria can be made. 
Figure 7.3 shows preliminary results by the KMC model implementing the Lanthanum 
trapping effects. The oxygen self-diffusivity is shown to increase as the dopant concentration 
increases at first and then peaks at about ~10%-12% La concentration and then drops with 
further increase of La concentration. This is very similar to the trend observed in the dc 
conductivity curve shown earlier. However, the diffusivity in general seems still too high to 
yield matching activation energies. But very importantly, this result confirms the explanation 
provided earlier for the different coalescence observed between 5% La doped CeO2 and 25% 
La doped CeO2. Higher La concentration leads to lower mobility of oxygen vacancies and the 
void/bubble coalescence, which is essentially by surface diffusion, becomes weaker. 
121 
 
 
Figure 7.3. Oxygen vacancy self-diffusivity in CeLaO at 800C modeled by the KMC 
simulation  
Oxygen vacancy interactions were implemented in the KMC model as well. Considerations 
have been given as to the ways how oxygen vacancy interactions should be modeled together 
with the La trapping effects. This work is still ongoing and is headed by one of the colleagues 
in the group. As an initial point, an approximation was taken. This approximation basically 
assumed that the La trapping and the oxygen vacancy interactions are independent and can be 
simply summed. Obviously, this is not the case. However, with the unknown error from the 
atomic potential usually much larger than the error that is induced by the above made 
assumption, the obtained oxygen self-diffusivity should reflect the ballpark value of a more 
realistic model. 
One rather interesting result is shown in figures 7.4 (a) and (b). A simulation volume of 
15J15J15 was used to simulate a thermal annealing experiment. The temperature was set to 
be 800C and random initial vacancy positions were adopted together with random La 
positions. The simulation yields a rather interesting configuration seen in 7.4 (b). 
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                                    (a)                                                                         (b) 
Figure 7.4. Initial and final oxygen vacancy positions with an 800C annealing simulated by 
the KMC model 
Oxygen vacancies can be seen to cluster to form small oxygen vacancy clusters. These 
clusters, once formed, are not mobile resulting in a rather lower oxygen self-diffusivity. This 
result has very important implications towards the interpretation of experimentally observed 
different defect kinetics for the 25% La doped CeO2 at 600C. The vacancy clustered 
complexes essentially provide strong annihilation centers for the migrating interstitial type 
point defects resulting in a much slower defect kinetics observed with the experiments. 
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK 
To conclude, fission gas transport and its interaction with ion irradiation-induced defects in 
Lanthanum doped Ceria have been studied through a combined modeling and experimental 
effort. Preliminary results from modeling and experimental result of TEM investigations on 
multiple scenarios are presented with this study.  
Two Lanthanum concentrations, 5% and 25%, have been used to investigate the impurity 
effect and hypo-stoichiometry effect in CeO2 under irradiations. Room temperature and 600C 
experiments were done to derive temperature influence in this material. Different ion beam 
energies were used to reveal the defect kinetics at the low dose regime and void/bubble 
growth at the high dose regime. 
The following provides a brief summary of the conclusions drawn from this study.  
1. At the low dose regime of ion beam irradiations, defect clusters are induced which, at 
a moderate temperature of 600C, evolve into dislocation loops. The dislocation loops 
are mostly 1/9[111] type burgers vector pure edge loops, possible 1/2[100] type 
burgers vector loops have been found in smaller quantity. The nature of the 
dislocation loops has been tentatively determined as mostly interstitial. 
2. As irradiation dose accumulates, individual defect clusters and dislocation loops have 
been seen coalescing to become more extended defect clusters. As the density of such 
defect clusters increase, a tangled dislocation network forms. The dislocations have 
been determined to be 1/9<111> type burgers vector dislocations. 
3. Two mechanisms have been seen to contribute to the development of the tangled 
dislocation network: 1. Creation of defect clusters lead to formation of extended 
defect clusters, which later grow to form tangled dislocations by further coalescence 
of defect clusters and 2. Annihilations of defect clusters by the recombination of 
inverse type of defect clusters enabled by either ballistic cascade impacts or thermally 
activated diffusions. 
4. The different contributions from the two mechanisms in different materials and at 
different temperatures have led to the different defect chemistry and development of 
the eventually formed tangled dislocation networks. 
5. Voids and bubbles with sizes measureable by TEM form as the irradiation dose 
becomes higher (high dose regime) respectively in higher energy Kr irradiations 
(1MeV) and lower energy Xe implantations (700keV, 500keV and 150keV). 
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6. The number density of voids produced by Kr irradiations at 600C increases as 
irradiation dose is increased. Coalescence of voids could have driven the growth of 
the size of the voids. 
7. The number density of Xe bubbles produced by Xe irradiations at 600C decrease as 
irradiation dose is increased. This is attributed to the enhanced coalescence of Xe 
bubbles.  
8. Lanthanum trapping causes much lower (two orders of magnitude) mobility of 
oxygen vacancy defects leading to much less coalescence in the 25% La doped CeO2 
material lattice compared to the 5% La doped CeO2 material lattice. 
9. Sputtering effects could have played a bigger role than free surface effects in 
contributing to enhanced coalescence, resulting in the higher volume of void/bubble 
structures seen in in situ irradiations compared to ex situ irradiations. 
10. Faceted solid state Xe precipitates form at relatively high dose (1 J 10]VGEW/BF) 
with 600C 700keV Xe ex situ irradiation. Such solid state Xe precipitation is believed 
to be a thermally activated process. 
11. Lattice calculations by GULP provided explanations on the physical reasons behind 
the La trapping effect modeled by KMC simulations. 
12. Preliminary KMC simulations have shown Lanthanum trapping effects. The oxygen 
diffusivity is predicted to reach the maximum around 10% La dopant concentration 
but then decrease as La dopant concentration increases. 
It has to be realized that many imperfections exist in this dissertation work. Improved designs 
on experimental procedures, improved understandings on the various techniques and better 
planning of experiments based on the existing knowledge can all serve to improve the quality 
of the work and drive to more in-depth insights and better understanding of the problems. 
To that end, a few suggestions are made based on the experience accumulated so far with this 
particular work. The purpose of the following suggestions is mainly to help provide some 
guideline to the work that is intended to build upon this dissertation work and to drive to 
better understanding of the matter of fission gas transport and interaction with irradiation-
induced defects in Ceria or Uranium Oxide materials. 
1. Specimens other than thin film on substrates should be investigated and selected to 
enable more future analyses on bulk properties of the material under irradiation. 
2. Better specimen preparation techniques are strongly desired to remove, to the extent 
that is possible, ion milling induced defect clusters. 
125 
 
3. More experimental work is desired on 25% La doped CeO2 to further reveal the 
interesting defect chemistry in this material. 
4. X-ray techniques would be desired to derive the lattice expansion information on the 
materials under irradiation. 
5. Similar experiments on reduced CeO2, or hypostoichiometric CeO2 would be desired 
to separate the effects of La dopant trapping and oxygen vacancy interactions so that 
the simulation results can be better benchmarked. 
6. X-ray techniques can be applied to help characterize the pressure of bubbles to better 
understand quantitatively the bubble growth in this material under irradiations. 
7. 3-D tomography would be extremely useful to help clarify the ambiguity with the 
depth profile of void/bubble structures. Doing both cross section and planar view 
TEM could help provide complimentary information in the short term. However, 3-D 
information on void/bubble size distributions would be of significant value in the 
future to understand the mechanisms behind the formation and coalescence of 
void/bubble structures. 
The above is only a very brief list of ideas that can help further clarify the ambiguities with 
the current investigation and help further the understanding of the matter of interest. However, 
both the engineering and the scientific values behind them are significant. 
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APPENDICES 
Appendix A: State of Defects in the As Prepared TEM Specimens 
In the following, the pre-existing defects and their characteristics are shown and discussed.  
Figure A.1 and figure A.2 show comparatively lower magnification (30K) bright-field and 
dark-field images of an as prepared un-irradiated specimen of 5% La doped CeO2 planar view 
specimen. EDS was used to establish a rough estimate of where the CeLaO thin film starts to 
overlap with the STO substrate. Moiré fringes can also be seen where the CeLaO thin film 
and the STO substrate overlaps if the CeLaO thin film is 5% La doped. (For the 25% La 
doped CeLaO, the moiré fringes disappear probably due to the different way the two materials 
lattices interact.)  But as the dimension of the pure CeLaO thin film part in both these images 
extend over the dimension of the image, the moiré fringes are not seen on the images.  
 
Figure A.1. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) 
before irradiation - bright field image (the specimen was tilted to such a position that a weak 
beam condition was nearly satisfied and g=220) 
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Figure A.2. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) 
before irradiation - dark field image (the specimen was tilted to such a position that a weak 
beam condition was satisfied and g=220) 
Figure A.3 and figure A.4 present higher magnification (60K) bright-field and dark-field 
images of these pre-existing defects. The shapes of the defects are more like irregular if 
compared to the regular loop defect structures. These defect structures are assumed to be 
defect clusters as their dimensions are clearly larger than any point defects in the system. It is 
interesting to note (which is shown in figure A.5 and figure A.6) that these defect clusters in 
irregular shape become dislocation loop structures after annealing at 600C for about 30 
minutes to 60 minutes. This suggests that the defect clusters that exist after ion milling are 
mainly composed of mobile point defects. Under the temperature of 600C, which is 
essentially ~0.23Tmelt of CeO2, the mobility of all defect species shouldn’t allow such 
movements except Oxygen defects. Therefore, these defect structures are assumed to consist 
of mainly oxygen defects and the loop structures formed are then interstitial or vacancy loops 
mainly composed of oxygen interstitials or vacancies. However, it’s also possible that the 
oxygen point defects nucleate around a few Ce or La or a combination of Ce and La defects to 
form the core of the defect cluster. These defect clusters, under 600C, can also form loop type 
of defects given the mobility of oxygen point defects at this temperature regime.  
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Figure A.3. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) 
before irradiation - bright field image, higher magnification (the specimen was tilted to such a 
position that a weak beam condition was nearly satisfied and g=220) 
 
Figure A.4. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) 
before irradiation - dark field image, higher magnification (the specimen was tilted to such a 
position that a weak beam condition was satisfied and g=220) 
20 nm 
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Figure A.5. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) after 
annealing at 600C, without irradiation - bright field image (the specimen was tilted to such a 
position that a weak beam condition was nearly satisfied and g=220) 
 
Figure A.6. 5% La doped CeO2 (plan view specimen prepared from as grown specimen) after 
annealing at 600C, without irradiation - dark field image (the specimen was tilted to such a 
position that a weak beam condition was satisfied and g=220) 
 
20 nm 
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Appendix B: Irradiations at the Moderate Temperature Regime, 600C  
In the following, results from the in situ experiments carried out at the IVEM Tandem facility 
in Argonne National Laboratory are shown. The TEM images are mainly dark field images as 
these images make good reflections on both the structure and the characteristics of the defect 
clusters. The images shown in this section B are exclusively images from the experiments 
conducted at 600C. 
The following table B.1 summarizes the experimental conditions associated with each groups 
of the TEM images. The intention is to help readers navigate through the appendices more 
easily and also make it easier for one to locate TEM images that are to his/her peculiar 
interests. 
Experimental 
Conditions 
Final Dose 
TEM 
Images 
Comments 
In situ 1MeV Kr on 
5% La doped CeO2 
1 J 108 VGEW/BF B.1 – B.8 g vectors of 200 type were used 
In situ 150keV Xe on 
5% La doped CeO2 
2 J 108 VGEW/BF B.9 – B.25 g vectors of 200 type and 220 type were used 
In situ 1MeV Kr on 
5% La doped CeO2 
2.5 J 10 VGEW/BF B.26 – B.41 g vectors of 220 type were used 
Ex situ 1MeV Kr on 
5% La doped CeO2 
5 J 10 VGEW/BF B.42 and B.43 g vectors of 220 type were used 
In situ 500keV Xe on 
La doped CeO2 
1 J 108 VGEW/BF B.44 – B.54 g vectors of 220 type were used 
Ex situ 700keV Xe 
on 5% La doped 
CeO2 
5 J 10 VGEW/BF B.56 – B.59 Compare to in situ irradiation 
results 
Ex situ 700keV Xe 
on 5% La doped 
CeO2 
1 J 10 VGEW/BF B.60 – B.63 Compare to in situ irradiation results 
In situ 1MeV Kr on 
25% La doped CeO2 
1 J 10 VGEW/BF B.64 – B.76 g vectors of 220 type were used 
As prepared 25% La 
doped CeO2 
0 B.77 – B.80 
g vectors of 111 type were 
used to compare to irradiated 
specimens 
Ex situ 1MeV Kr on 
25% La doped CeO2 
1 J 10 VGEW/BF B.81 and B.82 Compare to in situ irradiation results 
In situ 500keV Xe on 
25% CeO2 
1 J 108 VGEW/BF B.83 – B.95 g vectors of 220 type were used 
Table B.1 Summary of the TEM results in Appendix B 
Figure B.1 to figure B.7 present sequential images of 5% La doped CeO2 plan view thin film 
(~160nm thick grown on top of SrTiO3 substrate) irradiated with 1MeV Kr ions (in situ ion 
beam irradiation carried out on IVEM-Tandem facility in Argonne National Laboratory) to a 
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final dose of 1 J 108VGEW/BF. Where available, diffraction patterns are shown as insets 
together with the TEM images correspondingly.  
Before the irradiation, as a result of the ion milling of the specimen, there is a certain level of 
defects present within the sample as shown in figure B.1. The Fresnel fringes on the top left 
corner are due to the overlapping of CeLaO thin film and the STO substrate. These fringes 
were used as reference points to make the best effort to keep the sequential shots at the similar 
area so to make TEM images comparable. At the dose level that is equal to or less than 
5 J 10VGEW/BF, individual “black dot” defects can be seen with increased density as dose 
increases. The nature of these defects has not yet been fully characterized. At the dose of 
5 J 10VGEW/BF , the density of these “black dot” defects has reached a level that the 
defects start to tangle together and individual defect can hardly be characterized. The reason 
why some defects have black contrasts is that very strong diffraction contrast was used for 
most of the images taken and the background was always lit up due to such strong diffraction 
condition. Figure B.5 to figure B.7 show dark field images taken in thin regions near the edge 
of the specimen. It can be seen that a patterned structure forms as the density of the tangled 
defects increases. This structure, as further clarified later, is a typical representation of tangled 
dislocation network with strong diffraction contrast. The scale of this tangled defect structure 
becomes finer as the irradiation dose increases suggesting the density of dislocations 
increased.  
 
Figure B.1. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, no dose (before the irradiation started) 
138 
 
 
Figure B.2. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 1 J 10VGEW/BF 
 
Figure B.3. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 2J 10VGEW/BF 
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Figure B.4. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 5 J 10VGEW/BF (Inset shows diffraction pattern) 
 
Figure B.5. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 2J 10VGEW/BF 
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Figure B.6. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 5 J 10VGEW/BF 
 
Figure B.7. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 1 J 108VGEW/BF 
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Figure B.8. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – dark field image, 1 J 108VGEW/BF - weak beam diffraction condition showing 
the fine structure of the specimen 
Figure B.8 shows a TEM image of the specimen at the dose level of 1 J 108VGEW/BFwith a 
weaker diffraction condition showing, in finer details, the tangled dislocation network.  
Figure B.9 to figure B.23 present sequential shots of 5% La doped CeO2 plan view thin film 
(~160nm thick grown on top of SrTiO3 substrate) irradiated with 150keV Xe ions (in situ ion 
beam irradiation carried out on IVEM-Tandem facility in Argonne National Laboratory) to a 
final dose of 2 J 108VGEW/BF. Where available, diffraction patterns are shown as insets 
together with the TEM images correspondingly.  
Again, as a result of the ion milling of the specimen, an initial level of defects is present 
within the specimen. But overall, the sample looks pretty clean. The different images were 
shot at locations that are kept as close to each other as possible to make the TEM images 
comparable. Most images were taken at the thin regions near the edge of the hole created by 
ion milling.  
Similar to the case of 1MeV Kr irradiation at 600C, black dot defect structures clearly start to 
appear as early as a relatively dose level of 2 J 10VGEW/BF  with the number density 
increasing as dose level increases. Also, as irradiation dose increases, bigger size black dot 
defect structures can be seen as individual defects. At 1 J 10VGEW/BF, individual defect 
structures that show a typical dislocation loop structure characterization start to appear in the 
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TEM images. The number density of these dislocation loop like defect structures and black 
dot defect structures kept increasing as dose level was further increased. From the dose level 
of 5 J 10VGEW/BF, the defect structures clearly tangle together. Even though individual 
loop like defects can still be seen as distinctive structures, these structures are becoming more 
difficult to be characterized as individual defects. As the dose level further surpasses 5 J
10VGEW/BF, the density of the defect structures became so high that no loop like defect 
structures can be distinctively identified. The elongation of diffraction spots can be clearly 
seen at these higher dose levels indicating a high damage level to the material lattice. 
However, at the highest dose of this in situ experiment, no amorphization occurred. The 
crystallinity remains well preserved with no signs of polycrystalization or formation of nano-
crystallites as an initial stage of amorphization. 
 
Figure B.9. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – no dose, bright field image (Inset shows corresponding diffraction pattern) 
100      nm 
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Figure B.10. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – no dose, dark field image (Inset shows corresponding diffraction pattern) 
 
Figure B.11. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 10VGEW/BF, dark field image (Inset shows corresponding diffraction 
pattern) 
100      nm 
100      nm 
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Figure B.12. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 2 J 10VGEW/BF, dark field image (Inset shows corresponding diffraction 
pattern) 
 
Figure B.13. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 5 J 10VGEW/BF, dark field image (Inset shows corresponding diffraction 
pattern) 
100      nm 
100      nm 
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Figure B.14. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 10VGEW/BF, bright field image of thicker region (Inset shows 
corresponding diffraction pattern) 
 
Figure B.15. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 10VGEW/BF, dark field image of thicker region (Inset shows 
corresponding diffraction pattern) 
100     nm 
100     nm 
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Figure B.16. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 10VGEW/BF, bright field image of thin region (Inset shows 
corresponding diffraction pattern) 
 
Figure B.17. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 10VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
100     nm 
100      nm 
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Figure B.18. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 2 J 10VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
 
Figure B.19. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 5 J 10VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
100     nm 
100    nm 
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Figure B.20. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 10VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
 
Figure B.21. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 5 J 10VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
100     nm 
100     nm 
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Figure B.22. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 1 J 108VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
 
Figure B.23. In situ 150keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – 2 J 108VGEW/BF, dark field image of thin region (Inset shows 
corresponding diffraction pattern) 
Figure B.24 (a), (b) and (c) show EDS analysis of the specimen at the final dose level of 
2 J 108VGEW/BF. Xe signals cannot be seen in the thin edge of the specimen but get picked 
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up when the thickness increases. This confirms the implantation of big amount of Xe in the 
material as the threshold of the automatic element analysis is about 5 atom%. The Xe signals 
then disappear with further increase of the sample thickness indicating that the Xe content 
does not increase proportionally with other material elements such as Sr and Ti due to the 
relative short range of Xe deposition. More EDS analyses will be provided with more detailed 
discussions later in the next chapter as void/bubble structures are discussed. 
  
                                   (a)                                                                      (b) 
 
                                   (c) 
Figure B.24. EDS analysis on specimen after in situ 150keV Xe irradiation at 600C carried 
out on 5% La doped CeO2 plan view specimen to a dose of 2 J 108VGEW/BF - (a) near edge 
thin region and (b) thicker region with CeLaO film and STO substrate (Xe starts to get picked 
up by the automatic elemental analysis from EDS software) 
Figure B.25 (a) and (b) present projected Xe ion range and vacancy range in the specimen. 
Clearly, the Xe ions are projected to stop within the first 100nm range into the specimen. This 
can help explain why Xe signals in EDS analysis get picked up while not much of STO 
substrate signal can be seen. EDS signal is based on the summation in the axial column the 
focused electron beam passes through. The automatic element analysis is performed on a 
proportion based mechanism, meaning that the possibility an element gets picked up increases 
if the content of such element (in atom%) increases, not the absolute quantity. 
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                                (a)                                                                           (b) 
Figure B.25. Projected (a) Xe ion range and (b) vacancy range by 150keV implantation in 
200nm thick CeLaO film (by SRIM 2008) 
The figures from figure B.26 to figure B.36 demonstrate dark field TEM images from the in 
situ experiment carried out on the IVEM Tandem facility at Argonne National Laboratory 
with 1MeV doubly charged Kr ion beam irradiation. The irradiation was carried out at 600C. 
The images were taken with a consistent g vector of 220. Weak beam conditions were applied 
in order to show the structure evolution of the defect/defect clusters.  
 
Figure B.26. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen – before irradiation (no dose) – dark field image with g=220 
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Figure B.27. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
 
Figure B.28. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
100     nm 
100     nm 
153 
 
 
Figure B.29. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 4 J 10VGEW/BF – dark field image with g=220 
 
Figure B.30. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 8 J 10VGEW/BF – dark field image with g=220 
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Figure B.31. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
 
Figure B.32. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
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Figure B.33. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
 
Figure B.34. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
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Figure B.35. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 1.6 J 10VGEW/BF – dark field image with g=220 
 
Figure B.36. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a final dose of 2.5 J 10VGEW/BF – dark field image with g=220 
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Figure B.37. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a final dose of 2.5 J 10VGEW/BF – another area that hasn’t been influenced 
by the electron beam – dark field image with g=220 
Ex situ TEM experiments on the same sample irradiated in situly in Argonne National 
Laboratory has been carried out to reveal the fine structure of the tangled dislocations. The 
reason why ex situ experiments are needed is that the qualities of dark field images are better 
in general for the 2010 LaB6 microscope than the IVEM Hitachi 900 microscope. Also, the 
image quality slightly improves when the specimen is not being heated.  
Figure B.38 and B.39 show the dark field images of the tangled dislocations with g=22b0 and 
g=220 respectively. The images were taken in areas very close to each other. It is clear that 
the defect structures from the two images are two distinctive sets of dislocations by looking at 
the orientations of the dislocations. Figure B.40 and figure B.41 show respectively the dark 
field images of the tangled dislocations with g=1b1b1 and g=1b11b. The interesting fact is that 
dislocations with both orientations from the earlier two images are present in these two 
images. However, there is a preference on the contrast, or to say, the contrast of one particular 
set of dislocations is stronger than the other set. For instance, the dark field image with g=1b1b1 
(figure B.41) has preferably stronger contrast for the vertically running dislocations. The 
vertically running dislocations are assumed to be of 111 burgers vector type (by invisible 
criteria in figure B.40), the preferred contrast can therefore be explained by the fact that 
 · A ( 3 defect structures should show stronger contrast than  · A ( 1 type. The preferential 
contrasts then confirm that the defect structures are of burgers vector 111 family. This above 
100     nm 
158 
 
argument is an analog to the earlier argument with the determination of burgers vectors for 
the dislocation loops. In fact, these defect structures originated from the dislocation loops 
created by the irradiation. Therefore, it is natural for the dislocations and dislocation loops to 
have the same burgers vector. 
 
Figure B.38. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a final dose of 2.5 J 10VGEW/BF – dark field image with g=220 (Microscopy 
was done, after the in situ irradiation in ANL, at 2010 LaB6 in MRL of University of Illinois) 
 
 
 
100     nm 
159 
 
 
Figure B.39. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a final dose of 2.5 J 10VGEW/BF – dark field image with g=22b0 (Microscopy 
was done, after the in situ irradiation in ANL, at 2010 LaB6 in MRL of University of Illinois) 
 
Figure B.40. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a final dose of 2.5 J 10VGEW/BF – dark field image with g=1b1b1 (Microscopy 
was done, after the in situ irradiation in ANL, at 2010 LaB6 in MRL of University of Illinois) 
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Figure B.41. In situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a final dose of 2.5 J 10VGEW/BF – dark field image with g=1b11b (Microscopy 
was done, after the in situ irradiation in ANL, at 2010 LaB6 in MRL of University of Illinois) 
Figure B.42 and figure B.43 illustrate the defect structures of Ex situ 1MeV Kr irradiation 
carried out on 5% La doped CeO2 (plan view specimen prepared after irradiation) at 600C to a 
final dose of 5 J 10VGEW/BF. A g vector of 220 is used. A high density of dislocations 
can be seen accompanied by a high density of individual defect clusters, the majority of 
which is expected to originate from the ion milling process (as this is ex situ result). The trend 
comparing different dose level of ex situ irradiation results is consistent with that of the in situ 
irradiation results as the density of dislocation keeps building up. However, a key difference 
should be noted: the density of these defect structures is higher in the in situ experiment 
results than that in the ex situ experiment results with same (or at least comparable) dose 
levels.  
This illustrates an interesting effect of the in situ experiment. With two free surfaces exposed 
to vacuum under the intermediate temperature (600C), the point defects and the defect 
clusters (such as dislocation loops and voids) have higher mobility. This is due to the fact that 
the free surfaces serve as strong sinks for point defects and defect clusters. From a simulation 
point of view, the available strong sinks at a distance not too far away (in most of the cases, 
the areas that are observed in the in situ specimen have thicknesses of about 60~100nm). As a 
result, the mobility of the defects is strongly influenced by the sinks at the free surfaces and 
higher mobility of point defects and defect clusters is achieved. Therefore, the dislocation 
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loops, have higher motility, join each other and form extended defect structures more readily 
in the in situ environments, leading to a higher density of defect structures at same dose 
compared to ex situ irradiations. 
This specific effect of free surfaces will be discussed further in the later part of quantitative 
analyses both in this chapter and later chapter where void and bubble mobility is discussed.   
 
Figure B.42. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 5 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was 
satisfied and g=220) 
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Figure B.43. Ex situ 1MeV Kr irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 5 J 10VGEW/BF - dark field 
image (the specimen was tilted to such a position that a weak beam condition was satisfied 
and g=220) 
The figures from figure B.44 to figure B.54 demonstrate dark field TEM images from the in 
situ experiment carried out on the IVEM Tandem facility at Argonne National Laboratory 
with 500keV singly charged Xe ion beam irradiation. The irradiation was carried out at 600C 
as well. The images were taken with a consistent g vector of (220). Weak beam conditions 
were applied in order to show the structure evolution of the defect/defect clusters.  
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Figure B.44. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen – before irradiation (no dose) – dark field image with g=220 
 
Figure B.45. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
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Figure B.46. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
 
Figure B.47. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
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Figure B.48. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
 
Figure B.49. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
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Figure B.50. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
 
Figure B.51. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
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Figure B.52. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
 
Figure B.53. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
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Figure B.54. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – dark field image with g=220 
To make sure that 200keV electron beam does not make a big difference in the defect 
structures created, TEM images of another area that hasn’t been inspected with the electron 
beam were also taken. The following figure B.55 shows a dark field image of such an area 
without the long time exposure to the electron beam. It is seen that the defect structures look 
rather similar. This is an re-assuring evidence that 200keV electron beam does not induce 
significant change in the material by itself. 
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Figure B.55. In situ 500keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – dark field image of another area that has not 
been irradiated with electron beam with g=220 
 
Figure B.56. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 5 J 10VGEW/BF - bright 
field image, (the specimen was tilted to such a position that a weak beam condition was 
satisfied and g=220) 
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Figure B.57. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 5 J 10VGEW/BF - dark field 
image, (the specimen was tilted to such a position that a weak beam condition was satisfied 
and g=220) 
Figure B.56 and figure B.57 provide bright field and dark field TEM images for ex situ 
700keV Xe irradiated specimen with g vector of (220). The irradiation was carried out on 5% 
La doped CeO2 at 600C. Planar view specimens were then prepared with mechanical grinding 
and ion milling polishing. 
As this specimen was ex situly inspected with TEM, the ion milling induced defect is an 
uncertainty that complicates the result. It can be seen from both bright field and dark field 
images (more obviously seen on dark field image) that there is a high density of small white 
dot defect clusters. The exact shape of these defect clusters cannot be clearly determined as 
they are often too small to give reasonable contrast on their shapes. From the in situ results, 
we know that Xe ion irradiations, like Kr ion irradiations, can create a wide range of defects 
in terms of their sizes. It is therefore very difficult to characterize what defects are from ion 
milling. By comparing the specimens with and without irradiations, the size and shape of the 
defect clusters formed by ion milling have been determined to be relatively small with 
irregular shapes. Careful measurement can therefore be taken out to measure the number 
density and size profiles of the Xe ion irradiations induced dislocation loops. This 
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measurement, however, will tend to take out the smaller defects as they can be no way 
differentiated with ion milling induced defects. 
 
Figure B.58. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 5 J 10VGEW/BF - bright 
field image, higher magnification (the specimen was tilted to such a position that a weak 
beam condition was satisfied and g=1b11b) 
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Figure B.59 Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 5 J 10VGEW/BF - dark field 
image, higher magnification (the specimen was tilted to such a position that a weak beam 
condition was satisfied and g=1b11b) 
Figure B.58 and figure B.59 show the bright field and dark field images of the same specimen 
with a 1b11b g vector. Edge-on dislocation loops can be seen. Together with the rationale of the 
earlier burgers vector analyses, these loops are determined to be edge loops that have the 
habitat plane of (111) family.   
The quantitative information drawn from the ex situ irradiations regarding the size or density 
of the dislocation loop structures at low dose must be carefully scrutinized. When such 
quantitative data are analyzed, the analyzer also needs to bear in mind that the result is 
somewhat biased. The quantitative data will be provided in the later part of this chapter.  
Figure B.60 to figure B.63 illustrate the defect structures of Ex situ 700keV Xe irradiation 
carried out on 5% La doped CeO2 (plan view specimen prepared after irradiation) at 600C to a 
final dose of 1 J 10VGEW/BF. For the figures shown, two types of g vectors have been 
used: 220 and 1b11b. A high density of dislocations can be seen accompanied by a high density 
of individual defect clusters, the majority of which is expected to originate from the ion 
milling process (as this is ex situ result). The trend comparing different dose level of ex situ 
700 keV Xe irradiation results is consistent with that of the in situ irradiation results as the 
density of dislocation keeps building up. However, again, a key difference should be noted: 
the density of these defect structures is higher in the in situ experiment results than that in the 
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ex situ experiment results with same (or at least comparable) dose levels. This is due to the 
free surface effect specific in situ environment as discussed earlier this chapter. 
 
Figure B.60. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=220) 
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Figure B.61. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - dark field 
image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=220) 
 
Figure B.62. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=1b11b) 
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Figure B.63. Ex situ 700keV Xe irradiation carried out on 5% La doped CeO2 (plan view 
specimen prepared after irradiation) at 600C to a final dose of 1 J 10VGEW/BF - bright 
field image (the specimen was tilted to such a position that a weak beam condition was nearly 
satisfied and g=1b11b) 
One thing has to be pointed out for the qualitative comparison between the in situ and ex situ 
700keV Xe irradiation results at the same dose of 1 J 10VGEW/BF. The individual defect 
clusters, which can be seen in high density in the ex situ irradiation result, have been taken out 
of consideration when the density of dislocations was measured. In fact, once these individual 
defect clusters have been swiped out (from image processing point of view), the difference 
between in situ and ex situ results can be clearly seen as in situ image having much higher 
density of defect structures. The reason why these individual defect clusters were taken out is 
that they are believed to be defects introduced by the ion milling process. 
The following figures B.64 to B.70 demonstrate the dark field images for the in situ 
experiment conducted also at Argonne National Laboratory. 1MeV Kr beam was used to 
irradiate planar view specimen of 25% La doped CeO2.   
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Figure B.64. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 2.5 J 10VGEW/BF – dark field image with g=220 
 
Figure B.65. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
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Figure B.66. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 7.5 J 10VGEW/BF – dark field image with g=220 
 
Figure B.67. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
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Figure B.68. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
 
Figure B.69. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 8 J 10VGEW/BF – dark field image with g=220 
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Figure B.70. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
 
Figure B.71. Selected Area Diffraction (SAD) pattern of in situ 1MeV Kr irradiation at 600C 
carried out on 25% La doped CeO2 plan view specimen to a dose of 1 J 10VGEW/BF 
To make sure that 200keV electron beam does not make a big difference in the defect 
structures created, TEM images of another area that hasn’t been inspected with the electron 
beam were also taken. The following figure B.72 shows a dark field image of such an area 
without the long time exposure to the electron beam. It is seen that the defect structures look 
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rather similar. This is a re-assuring evidence that 200keV electron beam does not induce 
significant change in the material by itself. 
 
Figure B.72 In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2plan view 
specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220, image was taken in 
another area which hasn’t been influenced by electron beam of the TEM 
Figure B.73 and figure B.74 show bright field and dark field images of in situ 1MeV Kr 
irradiation at 600C carried out on 25% La doped CeO2 plan view specimen to a dose of 
1 J 10VGEW/BF  with a g vector of 1b11b . Figure B.75 and figure B.76 show higher 
magnification (60K compared to 30K in figure B.73 and B.74) bright field and dark field 
images. The insets on the corners of the images show the associated diffraction pattern for 
dark field images. Of course, the bright field images were taken with the aperture on the 
central penetrating beam.  
Defect structures can be seen clearly particularly in figure B.75. As 1b11b g vector was used, 
the dislocations oriented in different directions are present in the images (whereas a 220 type 
of g would only show dislocations along a single set of orientation due to the invisibility 
effect).  
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Figure B.73. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – bright field image with g=1b11b, image was 
taken in the 2010LaB6 at MRL at University of Illinois after the in situ irradiation 
 
Figure B.74. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=1b11b, image was 
taken in the 2010LaB6 at MRL at University of Illinois after the in situ irradiation 
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Figure B.75. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – bright field image with g=1b11b, higher 
magnification, image was taken in the 2010LaB6 at MRL at University of Illinois after the in 
situ irradiation 
 
Figure B.76. In situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=1b11b, higher 
magnification, image was taken in the 2010LaB6 at MRL at University of Illinois after the in 
situ irradiation 
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Figure B.77 and figure B.78 show bright field and dark field images of unirradiated 25% La 
doped CeO2 plan view specimen with a g vector of 1b11b. Figure B.79 and figure B.80 show 
higher magnification (60K compared to 30K in figure B.77 and B.78) bright field and dark 
field images. The insets on the corners of the images show the associated diffraction pattern 
for dark field images.  
Smaller but denser defect structures, compared to the specimen irradiated to the dose level of 
1 J 10VGEW/BFshown earlier, can be seen particularly well in figure B.79. As 1b11b  g 
vector was used, the dislocations oriented in different directions are present in the images 
(whereas a 220 type of g would only show dislocations along a single set of orientation due to 
the invisibility effect). Qualitatively, the size of the defect structures can be seen to increase 
with the associated density decrease. However, the ambiguity of specimen preparation has to 
be taken into account. As the specimens have been prepared individually and the in situ 
specimen has not been observed with a 1b11b g vector, it is possible that the initial densities of 
dislocations are quite different as the initial density of dislocations for the irradiated specimen 
is not known. In fact, the trend observed from the in situ experiment with 25% La doped 
CeO2 with a g vector of 220 shows a rather different trend: the size of the defect structures 
grow slowly with increasing irradiation dose but the density of defect structures also increases 
with increasing dose (the formation process). Even though the earlier analyses were carried 
out with a 220 type g vector, with which only dislocations of one type of <111> burgers 
vector are visible, the qualitative measurements should reflect the trend of the defect 
structures accurately. Again, with the ambiguity discussed earlier and the fact that the initial 
density and size of dislocations has been observed to be different between different specimens, 
the above observation that the density of dislocations decreases and the size of dislocations 
increases significantly is seriously in doubt. More investigations should be carried out in 
order to better clarify the trend in the 25% La doped material. In situ experiments are believed 
to be much more powerful in a sense that both density and size of defect features can be 
measured with respect to time.  It would be very helpful though to take images at, at least, the 
beginning and end of irradiation with g vector of 111 type as the defect structures oriented in 
all directions are believed to be visible. 
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Figure B.77. 25% La doped CeO2 plan view specimen without any irradiations (plan view 
specimen prepared from as grown specimen) bright field image with g=1b11b, the sample was 
tilted such that a weak beam condition was nearly satisfied 
 
Figure B.78. 25% La doped CeO2 plan view specimen without any irradiations (plan view 
specimen prepared from as grown specimen) dark field image with g=1b11b, the sample was 
tilted such that a weak beam condition was nearly satisfied 
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Figure B.79 25% La doped CeO2 plan view specimen without any irradiations (plan view 
specimen prepared from as grown specimen) bright field image with g=1b11b, higher 
magnification, the sample was tilted such that a weak beam condition was nearly satisfied 
 
Figure B.80 25% La doped CeO2 plan view specimen without any irradiations (plan view 
specimen prepared from as grown specimen) dark field image with g=1b11b, higher 
magnification, the sample was tilted such that a weak beam condition was nearly satisfied 
Figure B.81 and figure B.82 show bright field and dark field images of ex situ 1MeV Kr 
irradiation at 600C carried out on 25% La doped CeO2 to a dose of 1 J 10VGEW/BF with a 
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vector g of 220. The observed density and size of defect structures are rather similar to the in 
situ irradiation to the same dose level. Against the earlier comparisons for the 5% La doped 
CeO2, the effect of free surfaces is not easily conceivable. This, however, confirms the 
hypothesis made earlier that the presence of Lanthanum decreases the mobility of dislocation 
loops and therefore restricted the effect of free surfaces that an apparent difference between in 
situ and ex situ experiments cannot be seen. 
 
Figure B.81. Ex situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 (plan 
view specimen prepared after irradiation) to a dose of 1 J 10VGEW/BF – bright field image 
with g=220, the sample was tilted such that a weak beam condition was nearly satisfied 
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Figure B.82. Ex situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 (plan 
view specimen prepared after irradiation) to a dose of 1 J 10VGEW/BF – dark field image 
with g=220, the sample was tilted such that a weak beam condition was nearly satisfied 
The figures from figure B.83 to figure B.93 demonstrate dark field TEM images from the in 
situ experiment conducted on the IVEM Tandem facility at Argonne National Laboratory 
with 500keV singlly charged Xe ion beam irradiation. The irradiation was carried out at 600C 
on 25% La doped CeO2 specimen. The images were taken with a consistent g vector of 220. 
Weak beam conditions were applied in order to show the structure evolution of the 
defect/defect clusters.  
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Figure B.83. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen – before irradiation (no dose) – dark field image with g=220 
 
Figure B.84. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
100     nm 
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Figure B.85. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
 
Figure B.86. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
100     nm 
100     nm 
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Figure B.87. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
 
Figure B.88. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
100     nm 
100     nm 
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Figure B.89. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
 
Figure B.90. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
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100     nm 
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Figure B.91. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
 
Figure B.92. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
100     nm 
100     nm 
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Figure B.93. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – dark field image with g=220 
Figure B.94 and B.95 show the bright field and dark field TEM images of the dislocation 
network after the specimen was brought back to University of Illinois. A g vector of 11b1 was 
used implying that all dislocations should be visible. 
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Figure B.94. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – bright field image with g=11b1, image was 
taken with the 2010 LaB6 instrument after the specimen was brought back to University of 
Illinois 
 
Figure B.95. In situ 500keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – dark field image with g=11b1, image was 
taken with the 2010 LaB6 instrument after the specimen was brought back to University of 
Illinois 
50    nm 
50    nm 
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Appendix C: Irradiations at the Low Temperature Regime: Room 
Temperature Experiments 
In the following, results from the in situ experiments carried out at the IVEM Tandem facility 
in Argonne National Laboratory are shown. The TEM images are mainly dark field images as 
these images make good reflections on both the structure and the characteristics of the defect 
clusters. The images shown in this section C are exclusively images from the experiments 
conducted at room temperature. 
The following table C.1 summarizes the experimental conditions associated with each groups 
of the TEM images. The intention is to help readers navigate through the appendices more 
easily and also make it easier for one to locate TEM images that are to his/her peculiar 
interests. 
Experimental 
Conditions 
Final Dose 
TEM 
Images 
Comments 
In situ 1MeV Kr on 
5% La doped CeO2 
1 J 108 VGEW/BF C.1 – C.11 g vectors of 220 type were 
used 
In situ 150keV Xe on 
5% La doped CeO2 
1 J 108 VGEW/BF C.12 – B.26 g vectors of 200 type and 220 
type were used 
Ex situ 700keV Xe 
on 5% La doped 
CeO2 
8 J 108 VGEW/BF C.27 – C.30 Compare to in situ irradiation results 
In situ 1MeV Kr on 
25% La doped CeO2 
1 J 10 VGEW/BF C.31 – C.41 g vectors of 220 type were used 
Table C.1 Summary of the TEM results in Appendix C 
The figures from figure C.1 to figure C.10 demonstrate dark field TEM images from the in 
situ experiment conducted at room temperature on the IVEM Tandem facility at Argonne 
National Laboratory with 1MeV doubly charged Kr ion beam irradiation. The irradiation was 
carried out at room temperature on 5% La doped CeO2 specimen. The images were taken with 
a consistent g vector of (220). Weak beam conditions were applied in order to show the 
structure evolution of the defect/defect clusters. The SAD diffraction pattern at the final dose 
of 2.5J 10VGEW/BF is shown in figure C.11. The similar diffraction conditions were 
maintained throughout the course of the irradiation. From the SAD pattern, the material 
system has maintained single crystalline during the irradiation. 
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Figure C.1. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen - before irradiation (no dose) - dark field image with g=220 
 
Figure C.2. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF - dark field image with g=220 
100     nm 
100     nm 
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Figure C.3. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2 J 10VGEW/BF - dark field image with g=220 
 
Figure C.4. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 5 J 10VGEW/BF - dark field image with g=220 
100  nm 
100     nm 
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Figure C.5. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF - dark field image with g=220 
 
Figure C.6. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2 J 10VGEW/BF - dark field image with g=220 
100     nm 
100     nm 
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Figure C.7. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 5 J 10VGEW/BF - dark field image with g=220 
 
Figure C.8. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF - dark field image with g=220 
100    nm 
100     nm 
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Figure C.9. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF - different features can be seen in a 
new area that hasn’t been observed during the earlier irradiation, dark field image with g=220 
 
Figure C.10. In situ 1MeV Kr irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen to a dose of 2.5 J 10VGEW/BF - dark field image with g=220 
100    nm 
100     nm 
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Figure C.11. SAD diffraction pattern for in situ 1MeV Kr irradiation at room temperature 
carried out on 5% La doped CeO2 plan view specimen to a final dose of 2.5J 10VGEW/BF 
In figure C.10, also noticed are some circular shape loop-like features. Some of them are 
marked by red circles. In the bright field image, figure 9, some features with characteristic 
contrast similar to loops can also be seen. From the SAD diffraction pattern (included in the 
corners of TEM images where available), a ring type of diffraction pattern starts to get picked 
up as early as 1 J 10VGEW/BF . This ring/aurora structure in the diffraction pattern 
continues to evolve with increased dose. At the final dose of 1 J 108VGEW/BF, the aurora is 
very clearly present. As the SAD aperture, when taking SAD patterns, are focused on the near 
edge region, this aurora structure evolution suggests crystallinity change of the near edge 
structure/feature.  
Figure C.12 to figure C.24 show sequential TEM bright field/dark field images of a 5% La 
doped CeO2 plan view specimen irradiated in situly with 150keV Xe ions at room temperature 
to a final dose level of 1 J 108VGEW/BF. Dark field images were shown as the majority of 
the images as they are more illustrative of the irradiation-induced defect structures than the 
bright field images.  
It can be seen that there are defect structures present at zero dose (figure 2.139 and figure 
2.140), same as the situations with higher temperature experiments. The defects are 
characterized as black dot type of structures in bright field images.  
2 1/ nm 
2  1/nm   
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As dose increases, the number density of such defect structures can be seen to increase. As 
the sample was continuously bending and therefore the diffraction condition can never be 
kept exactly the same, it is quite difficult to measure the number density increase of the black 
dot type of defect structures. It can also be noticed that the sizes of the defect structures 
increase over dose. But the increase is obvious at the dose range of 1 J 10VGEW/BF to 
1 J 10VGEW/BF.  
Also interesting is the fact that the defect structures near the edge of the sample hole (the 
thinnest area) are different from those at thicker regions. It is clear that in figure 9, the bright 
field image of the specimen at the dose of 1 J 10VGEW/BF , the thinner region looks 
relatively clean but there are black dot type of defect structures present at thicker region. A 
tentative interpretation of the features near the edge is that they are extended defect structures. 
Similar structures have been seen in other room temperature irradiation experiments. The 
reason why the features show preferentially in thin regions could be that only thin regions, 
with free surfaces close by, could give point defects the mobility to combine to form more 
extended structures.  
 
Figure C.12. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – bright field image, no dose (before the irradiation started) 
100     nm 
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Figure C.13. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, no dose (before the irradiation started) 
 
Figure C.14. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – bright field image, 1 J 10VGEW/BF 
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Figure C.15. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 1 J 10VGEW/BF 
 
Figure C.16. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 5 J 10VGEW/BF 
100     nm 
100     nm 
205 
 
 
Figure C.17. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 1 J 10VGEW/BF 
 
Figure C.18. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 2 J 10VGEW/BF 
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100     nm 
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Figure C.19. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 5 J 10VGEW/BF 
 
Figure C.20. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – bright field image, 1 J 10VGEW/BF 
100       nm 
100     nm 
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Figure C.21. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 1 J 10VGEW/BF 
 
Figure C.22. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 2 J 10VGEW/BF 
100     nm 
100        nm 
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Figure C.23. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 5 J 10VGEW/BF 
 
Figure C.24. In situ 150keV Xe irradiation at room temperature carried out on 5% La doped 
CeO2 plan view specimen – dark field image, 1 J 108VGEW/BF 
Qualitatively, the defect structures can be seen to grow in size with increased irradiation dose. 
At the dose level between  1 J 10VGEW/BF  and 2 J 10VGEW/BF , the formation of 
dislocation network can be seen. The number density of the individual defect clusters seemed 
100     nm 
100     nm 
209 
 
to increase with increased dose. However, that increase is not significant as can be obviously 
recognized in a qualitative manner. 
 
Figure C.25. High resolution TEM image of the thin area of the specimen irradiated in situly 
to a final dose of 1 J 108VGEW/BF showing near amorphous nano-crystallite structures 
 
Figure C.26. High resolution TEM image of the thicker area of the specimen irradiated in 
situly to a final dose of 1 J 108VGEW/BF showing the edge of crystallite structure (the 
lower left of the red line is the area with the nano-crystallite structures, the upper right of the 
red line is the area with big crystallite structure) 
5         nm 
5         nm 
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Figure C.25 and figure C.26 present high resolution TEM images of the near edge thin 
regions. In figure c.25, nano-crystallites of ~3nm diameter size can be easily identified. The 
area in figure C.26 is where nano-crystallites and reduced Ce2O3 crystaline structures co-
exist.  
 
Figure C.27. Bright field image of 5% La doped CeO2 plan view specimen after 700keV Xe 
ex situ ion irradiation at room temperature to a final dose level of 8 J 108VGEW/BF (regions 
indicated by red circular mark are areas with amorphous/nano-crystallite structures) 
100       nm 
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Figure C.28. Dark field image of 5% La doped CeO2 plan view specimen after 700keV Xe ex 
situ ion irradiation at room temperature to a final dose level of 8 J 108VGEW/BF 
Figure C.27 and C.28 illustrate bright field and dark field TEM images of a 5% La doped 
CeO2 plan view specimen after 700keV Xe ex situ ion irradiation at room temperature to a 
final dose level of 8 J 108VGEW/BF. The amorphous/nano-crystallite structure can be found 
at the thin edge of the specimen, similar to the in situ irradiation results. By SRIM 2009 
simulations, the irradiation dose in dpa is similar in the case of 700keV irradiation at 8 J
108VGEW/BF to the case of 150keV irradiation at 2 J 108VGEW/BF at a depth of around 
70nm, which corresponds more or less to the thickness of the near edge thin regions. 
Figure C.29 shows a clear division of the near edge thin region into three zones: zone I, on the 
left side, is the region of damaged single crystalline CeO2 fluorite structure; zone II, in the 
middle, is the region of nano-crystallite structures; zone III, on the right, is the region of near 
amorphous structure.  
100     nm 
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Figure C.29. Higher resolution image of 5% La doped CeO2 plan view specimen after 700keV 
Xe ex situ ion irradiation at room temperature to a final dose level of 8 J 108VGEW/BF - the 
red lines separate different regions, region I, the left hand side region, is characterized by 
damaged single crystalline structure, region II, the middle region, is characterized by small 
nano-crystallite structures, region III, the right hand side thinnest region is characterized by 
nearly completely amorphous structure. 
From figure C.30 it can be seen that the small crystallites are of similar sizes (~3nm in 
diameter) to those appear in the in situ 150keV irradiations at room temperature.  
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Figure C.30. High resolution image of 5% La doped CeO2 plan view specimen after 700keV 
Xe ex situ ion irradiation at room temperature to a final dose level of 8 J 108VGEW/BF - 
higher magnification view of region II and region III in figure C.29: nano-crystallite 
structures are clearly seen in the middle of the picture 
The figures from figure C.31 to figure C.39 demonstrate dark field TEM images from the in 
situ experiment conducted on the IVEM Tandem facility at Argonne National Laboratory 
with 1MeV doubly charged Kr ion beam irradiation. The irradiation was carried out at room 
temperature on 25% La doped CeO2 specimen. The images were taken with a consistent g 
vector of (220). Weak beam conditions were applied in order to show the structure evolution 
of the defect/defect clusters.  
10       nm 
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Figure C.31. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen – before irradiation (no dose) – dark field image with g=220 
 
Figure C.32. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
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Figure C.33. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
 
Figure C.34. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
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Figure C.35. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
 
Figure C.36. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 2 J 10VGEW/BF – dark field image with g=220 
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Figure C.37. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 5 J 10VGEW/BF – dark field image with g=220 
 
Figure C.38. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220 
100     nm 
100   nm 
218 
 
 
Figure C.39. SAD diffraction pattern for in situ 1MeV Kr irradiation at room temperature 
carried out on 25% La doped CeO2 plan view specimen to a final dose of 1 J 10VGEW/BF 
The following figures C.40 and C.41 demonstrate the bright field and dark field images taken 
on 2010LaB6 instrument at MRL at UIUC after the in situ experiment was done at Argonne 
National Laboratory. The images better demonstrate the dislocation network at the end of the 
irradiation. When these images are compared to those for 1MeV Kr irradiation at room 
temperature for 5% La doped CeO2, it can be found out that the dislocation network at the 
dose level of 2.5 J 10VGEW/BF is rather similar to what is observed in 25% La doped 
CeO2 irradiated with 1MeV Kr ions, at room temperature, to the end dose of 1 J
10VGEW/BF. This implies that the development of dislocation network is faster in 25% La 
doped CeO2, slower at 5% La doped CeO2 at room temperature.  
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Figure C.40. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF – bright field image with g=220, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
 
Figure C.41. In situ 1MeV Kr irradiation at room temperature carried out on 25% La doped 
CeO2 plan view specimen to a dose of 1 J 10VGEW/BF – dark field image with g=220, 
image was taken with 2010 LaB6 after the irradiated specimen was taken back to UIUC 
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Appendix D: Experimental Results for Void/Bubble Growth 
1MeV Kr irradiations to the high dose regime have been conducted to investigate void 
formation and growth in La doped CeO2 materials. But first of all, the determination of the 
features that exhibit Fresnel contrast as voids deserves some discussions. 
There are three major evidences to support that the 1MeV Kr ion beam creates mainly void 
structures in the material of interest. First of all, the ion range by SRIM 2009 calculations 
suggests that only 0.062 atom% concentration can be achieved by a rather high dose level of 
1 J 108VGEW/BF of 1MeV Kr ion beam at the depth range of about 80-100nm. This atomic 
concentration is very low to form bubble structures in large quantities. Secondly, the 
experimental results from EDS spectra analyses (with results shown later with each 
experimental result) show consistently no Kr signal in the thin part of the specimen where 
only CeLaO thin film is present. Last but not the least, vacancy produced, with a Kinchin-
Pease model in the same range of 80-100nm and 1 J 108VGEW/BF dose, has been estimated 
to be around 1.5 J 10]h@B@EBVW/BF . Of course, this is the initial production of the 
vacancies. After the thermal spike and quenching, many vacancies will recombine with 
interstitials. The vacancies that are left to cluster to form voids consist of only a very small 
fraction. But even then, the number of vacancies produced by the ion beam can be considered 
quite large. As a result, if 1% vacancy is assumed to eventually cluster into voids, and with 
the observed diameter of voids in this irradiation scenario, the number density of voids can be 
calculated to be around 3 J 10hGV#W/BF. This is still larger than the observed number 
density of the void features with this specific experiment, but it’s close to be a ballpark 
number. Therefore, the features measured have been suggested as voids with very little Kr 
trapped in them. 
Figure D.1 (a) and (b) provide TEM images obtained with under-focus and over-focus 
conditions to characterize the void/bubble features in the as irradiated specimens. The 
voids/bubbles can be seen as white circular dots in the under-focus beam condition and black 
circular dots in the over-focus condition. Both images were taken for the same region of the 
sample, therefore, each white dot in the under-focus image can be found correspondingly in 
the form of a black dot at the same location in the over-focus image. The images were 
obtained with the following procedures: 1. find a good in-focus condition where the 
voids/bubble features are close to be invisible (the Fresnel contrast is minimal) 2. tune the 
focus knob towards under-focusing condition for a few clicks that offset the focus by 128nm 
3. tune the focus knob towards over-focusing condition for a few clicks that offset the focus 
by 256nm so that it’s 128nm over-focusing. 128nm was chosen in this scenario as this focus 
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offset is believed to realistically reflect the size of the void/bubble features (too much defocus 
would exaggerate the scale of void/bubble features and introduce errors to the void/bubble 
volume calculations whereas too much less defocus would make the features more difficult to 
identify). In the following work, the under-focusing and over-focusing offsets were kept to be 
consistently ±128nm as much as possible (with different TEM facilities, the condition may 
differ by some extent but not much) to make all the results reasonably comparable. 
 
                                     (a)                                                                         (b) 
Figure D.1. (a) under focus (128nm under focus) and (b) over focus bright field images for 
planar view specimen after in situ 1MeV Kr irradiation at 600C carried out on 5% La doped 
CeO2 to a dose of 1 J 108VGEW/BF (small void/bubble structure are characterized in the 
form of white circular dots) 
Figures D.2 (a) and (b) and D.3 (a) and (b) show higher magnification TEM images of the 
void/bubble features with the same defocus offsets. Figures D.2 (a) and (b) present 
void/bubble features near the edge of the planar view specimen. Figures D.3 (a) and (b) 
provide the same features with same scale in the thicker regions of the specimen. It can be 
seen by measuring the diameter of the void/bubble features and counting the number density 
of such features that the size of the void/bubble features are actually bigger and the number 
density slightly higher at the thinner regions very close to the edge. This is pretty much the 
opposite of what is expected if the features were bubbles because the areal density of bubbles 
should become higher for thicker region of the specimen (due to thickness increases). What 
this reflects is the earlier consideration that the sputtering effect should be taken into account 
for the in situ TEM experiments. Due to higher sputtering yield near the ion beam impact 
surface (see the bottom surface in figure D.1 for reference), bigger volume of voids can be 
expected. As a result, all measurements in this study were done in regions not too close to the 
edge of the specimen hole so that the sputtering effect could be minimized in a reasonable 
manner. 
20  nm 20  nm 
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(a)                                                                         (b) 
Figure D.2. (a) under focus (128nm under focus) shot and (b) over focus (128nm over focus) 
shot for specimen after in situ 1MeV Kr irradiation at 600C carried out on 5% La doped 
CeO2 plan view specimen to a dose of 1 J 108VGEW/BF  - near edge thin region (small 
void/bubble structure are characterized in the form of white/black circular structures) 
 
(a)                                                                         (b) 
Figure D.3. (a) under focus (128nm under focus) shot and (b) over focus (128nm over focus) 
shot for specimen after in situ 1MeV Kr irradiation at 600C carried out on 5% La doped 
CeO2 plan view specimen to a dose of 1 J 108VGEW/BF – thicker region (small 
void/bubble structure are characterized in the form of white/black circular structures) 
Figures D.4 (a) (b) (c) and (d) show EDS analyses of the same 5% La doped CeO2 specimen 
as irradiated with 1MeV Kr at 600C to a dose of 1 J 108VGEW/BF. It can be seen that at the 
thinner regions, no Kr signals get picked up by the automatic element analysis software. 
However, with the EDS probe beam moved into thicker regions where CeLaO film and STO 
substrate start to overlap (emergence of titanium signals is the major indicator of inclusion of 
STO substrate in the EDS probe beam; the Sr signals in images (a) and (b) are believed to be 
due to ion milling induced re-deposition on the CeLaO thin film), Kr signals start to get 
picked up. This indicates that more Kr exists in the substrate than in the thin film part of the 
specimen so that Kr content is not enough in the CeLaO film as to get picked up by the 
automatic element analysis software. As discussed in the last chapter, EDS signals are 
10        nm 10        nm 
10        nm 10        nm 
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summed elemental information reflected on a fractional basis. As the probe beam is moved to 
thicker region, the fractional Kr content will first increase and then decrease when more and 
more volumes with no Kr deposition are included. A schematic diagram is shown in the 
following figure D.5 to clarify on this fact. It can be seen then the probe beam accrues more 
signal from deposited species on a fractional basis as the beam is moved further to thicker 
regions. 
Figure D.6 (a) and (b) present clear diagrams of the 1MeV Kr ion range and vacancy range in 
the specimen projected by SRIM 2009 code. Kr ion content can be seen to peak at around 
160nm into the STO substrate, suggesting that the EDS Kr signal would reach its maximum at 
the region where the thickness of the specimen (in the direction of looking into the plan view 
sample) is around between 200nm and 500nm. This is actually confirmed by the fact that the 
Kr signals start to show up when the EDS probe beam goes to a thicker region in the 
specimen but then vanish when the probe beam is moved further into thicker region.  
 
                                      (a)                                                                          (b) 
 
                                      (c)                                                                          (d) 
Figure D.4. EDS analysis on specimen after in situ 1MeV Kr irradiation at 600C carried out 
on 5% La doped CeO2 plan view specimen to a dose of 1 J 108VGEW/BF - (a) near edge 
thin region, (b) thicker region with only CeLaO film, (c) thicker region with CeLaO film and 
STO substrate (Kr starts to get picked up by the automatic elemental analysis from EDS 
software) and (d) thicker region with CeLaO film and STO substrate (Kr signal becomes 
stronger when more STO substrate are included) 
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Figure D.5 Schematic diagram of EDS analyses at regions with different thicknesses 
 
(a)                                                           (b) 
Figure D.6. (a) 1MeV Kr ion range and (b) vacancy range in 160nm 5% La doped CeO2 thin 
film followed by STO substrate simulated by SRIM2009 
Figure D.7 and figure D.8 show over focus and under focus TEM images of the same 
specimen respectively. The sample was tilted to find a weaker diffraction condition to 
minimize the diffraction contrast so that the void/bubble features can be well identified. When 
the number density of such features is measured, it was taken into consideration that some of 
the very small features are there to begin with even with as prepared specimens.  
STO substrate 
CeLaO thin film 
TEM EDS probe beam  
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Figure D.7. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 1 J 10VGEW/BF – over focus image (128nm over focus) 
 
Figure D.8. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan view 
specimen to a dose of 1 J 10VGEW/BF – under focus shot (128nm under focus) 
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Similar EDS analyses were carried out to confirm the Kr deposition in the specimen. The 
results are provided in figure D.9 (a), (b) and (c). The emergence of the Kr signal is following 
the same reasons as discussed earlier.  
 
                                      (a)                                                                        (b) 
 
                                      (c) 
Figure D.9. EDS analysis on specimen after ex situ 1MeV Kr irradiation at 600C carried out 
on 5% La doped CeO2 plan view specimen to a dose of 1 J 10VGEW/BF - (a) near edge 
thin region, (b) thicker region with CeLaO film and STO substrate (Kr starts to get picked up 
by the automatic elemental analysis from EDS software, Titanium signal was not labeled to 
keep a clearer picture) and (c) much thicker region with small fraction of CeLaO film and big 
fraction of STO substrate (Kr signal becomes stronger when more STO substrate are included, 
it does not look that way as the scales are quite different compared to earlier graph) 
Figure D.10 and D.11 show respectively under focus and over focus TEM images of the plan 
view specimen that was ex situly irradiated with 1MeV Kr at 600C to a dose level of 5 J
10VGEW/BF. The sample was tilted to find a weak diffraction condition to minimize the 
diffraction contrast so that the void/bubble features can be well identified. It has to be realized 
that this is a cross section specimen. The inconsistency (that the cross section view specimens 
are used in some of the experiments) is due to the different planning at the beginning part of 
this work when cross section specimens were believed to be easier to prepare and that they 
provide more informative data than planar view specimens. The procedures for data analyses 
in these cases of cross section specimens then had to be very carefully devised. For example, 
areas that correspond to the depth of 80nm~120nm was considered the most ideal as they are 
more consistent with the quantitative data provided by the planar view specimens. Within this 
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ideal thickness range, the boxes for the number density measurements always had to be 
carefully chosen to avoid diffraction contrast induced ambiguities.  
 
Figure D.10. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 cross 
section view specimen to a dose of 5J 10VGEW/BF – under focus shot (128nm under focus) 
 
Figure D.11. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 cross 
section view specimen to a dose of  5J 10VGEW/BF – over focus shot (128nm over focus) 
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Again, similar EDS analyses were carried out to confirm the Kr deposition in the specimen. 
The results are provided in figure D.12 (a), (b), (c) and (d). The emergence and then the 
disappearance of the Kr signal is following the same reasons as discussed earlier. The EDS 
results are very similar between same types of ion irradiations with same energy. Only the 
magnitudes of the gas species signals were different. All the data are presented in this section 
of experimental results to show the completeness of the data and to provide confidence on the 
irradiation results. 
 
                                      (a)                                                                        (b) 
 
                                      (c)                                                                        (d) 
Figure D.12. EDS analysis on specimen after ex situ 1MeV Kr irradiation at 600C carried out 
on 5% La doped CeO2 plan view specimen to a dose of 5 J 10VGEW/BF - (a) near edge 
thin region, (b) thicker region with only CeLaO film, (c) thicker region with CeLaO film and 
STO substrate (Kr starts to get picked up by the automatic elemental analysis from EDS 
software) and (d) much thicker region with small fraction of CeLaO film and big fraction of 
STO substrate (Kr signal becomes stronger when more STO substrate are included) 
The following figures D.13 (a) and (b) show respectively under focus and over focus TEM 
images of the cross section view specimen that was ex situly irradiated with 1MeV Kr at 
600C to a dose level of 2 J 108VGEW/BF. This particular the focus offset in this case was 
±192nm which does exaggerate the scale of the void/bubble features a little. When the 
number density of such features is measured, it was taken into account and the size of the 
void/bubble features are discounted by 20% on scale. Also, it can be noticed that there is 
probably some level of astigmation that blur the image and this can have some impact on the 
measurements of the scale of the void/bubble features. 
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                                      (a)                                                                        (b) 
Figure D.13. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 2 J 108VGEW/BF – (a) under focus (192nm under focus) and (b) 
over focus (192nm over focus) bright field images 
Figure D.14 and figure D.15 show respectively under focus and over focus TEM images of 
thin region of the cross section view specimen that was ex situly irradiated with 1MeV Kr at 
600C to a dose level of 1 J 10]VGEW/BF. It can be noticed that the number density of 
void/bubble features increase with increased sample thickness. This is expected as figure 
D.18, shown few paragraphs down, clearly shows an increase in the concentration of Kr ion 
with respect to the depth of implantation. However, it’s also interesting to notice that the 
average size of the void/bubble features is actually bigger near the edge of the sample. This is 
another supporting evidence to the point that was raised earlier about sputtering effect for the 
material. In fact, the cross section set up shows clearly how much depth does the sputtering 
effect have strong influence. In the earlier case of 5 J 10VGEW/BF, the size and number 
density increase induced by sputtering effect can be seen much smaller than that in this case 
of 1 J 10]VGEW/BF. Also, for the earlier lower dose scenario, there was only a very thin 
layer (in the ion irradiation incident direction) where the void features can be seen bigger and 
denser than the deeper regions. However, in this much higher dose scenario, there is a rather 
thicker region, about 30-40nm depth into the specimen where void features are clearly bigger. 
This provides stronger confidence to argue that it is the sputtering effect that makes the two 
scenarios distinctively different. 
As the sample was irradiated at 600C at which temperature the mobility of oxygen vacancy 
type of defects is moderate near the sample surface (this surface refers to the first impact 
surface of the ion irradiation), free surface effect (like what was discussed in chapter two for 
in situ irradiations) could also play a role. However, this free surface effect alone can hardly 
account for the difference discussed above. Therefore, it is believed that at least the sputtering 
effect is much more significant than the free surface effect to influence the near first impact 
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surface void size and density. The free surfaces that get created by ion milling must have very 
small contribution to the void size and density difference as the environment for ion milling is 
basically a cold environment at which temperature the oxygen vacancy defects can be 
considered much less mobile or even immobile.  
 
Figure D.14. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 cross 
section view specimen to a dose of 1 J 10]VGEW/BF – under focus shot (128nm under 
focus) of a thin region 
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Figure D.15. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 cross 
section view specimen to a dose of 2 J 108VGEW/BF – over focus shot (128nm over focus) 
of a thin region 
 
Figure D.16. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 cross 
section view specimen to a dose of 1 J 10]VGEW/BF – under focus shot (128nm under 
focus) of thicker region 
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Figure D.17. Ex situ 1MeV Kr irradiation at 600C carried out on 5% La doped CeO2 cross 
section view specimen to a dose of 1 J 108VGEW/BF – over focus shot (128nm over focus) 
of thicker region 
Figure D.16 and figure D.17 show respectively under focus and over focus TEM images of 
thicker region of the cross section view specimen that was ex situly irradiated with 1MeV Kr 
at 600C to a dose level of 1 J 10]VGEW/BF. The comparison of figure D.16 and figure 
D.17 with the earlier figure D.14 and figure D.15 lends support to the above drawn 
conclusion that free surfaces created by ion milling does not influence the near first impact 
surface void structures.  
Figures D.18 (a), (b), (c) and (d) show EDS analysis on the same specimen after ex situ 1MeV 
Kr irradiation at 600C on 5% La doped CeO2 plan view specimen to a dose of 1 J
10]VGEW/BF. The Kr signal can be seen much stronger (the upper left corners of the EDS 
spectra show the full scale of the presented spectra in counts per second) due to the higher 
dose of ion beam irradiation, which implies higher Kr implantations into mainly the substrate 
material.   
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                                      (a)                                                                        (b) 
 
                                      (c)                                                                        (d) 
Figure D.18. EDS analysis on specimen after ex situ 1MeV Kr irradiation at 600C carried out 
on 5% La doped CeO2 plan view specimen to a dose of 1 J 10]VGEW/BF - (a) near edge 
thin region, (b) thicker region with only CeLaO film, (c) thicker region with CeLaO film and 
STO substrate (Kr starts to get picked up by the automatic elemental analysis from EDS 
software) and (d) much thicker region with small fraction of CeLaO film and big fraction of 
STO substrate (Kr signal becomes stronger when more STO substrate are included) 
700keV (ex situ) and 500keV (in situ) Xe irradiations to the high dose regime have been 
conducted to investigate Xe bubble formation and growth in La doped CeO2 materials. Again, 
the determination of the features that exhibit Fresnel contrast as Xe bubbles deserves some 
discussions here. 
There are three major evidences to support that the Xe ion beam produces mainly bubble 
structures in the thin film of CeLaO. First of all, the ion range by SRIM 2009 calculations 
suggests that only 0.87 atom% concentration can be achieved by a dose level of 1 J
108VGEW/BF of 1MeV Xe ion beam at the depth range of about 80-100nm. This atomic 
concentration is considered quite high as to make it possible to have bubble structures in large 
quantities. Secondly, the experimental results from EDS spectra analyses (with results shown 
later with each experimental result) show consistently presence of Xe signals (though weak, 
the software can only pick up an element when its concentration is above ~5 atom%, clearly, 
Xe cannot get picked up by the automatic element analysis software, but Xe signals were 
rather clear) in the thin part of the specimen where only CeLaO thin film is present. Finally, 
Xe concentration, in the same range of 80-100nm and 1 J 108VGEW/BF  dose level, has 
been estimated to be around 8 J 10U/BF. With the diameter of the bubble like features 
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given by the results of the experiment, the number density of bubbles has been estimated to be 
5 J 10U AAAHW/BF. Compared to the experimental result obtained in this work, this 
implies about 23% Xe in the lattice is present in the form of bubbles. The underlying 
assumption, however, is that Xe is present in rather high pressure near solid state inside the 
bubbles. If Xe is present in lower pressure gas forms, the percentage has to drop even lower. 
The number would strike one with an impression of being pretty low. But in the very few 
works done before that have measured gas bubble number density and sizes, a range of 10% 
to 30% was determined most reasonable. Therefore, the features measured have been 
concluded as bubbles with probably high pressure Xe trapped in them. 
As shown and discussed briefly earlier, ex situ Xe ion beam irradiations with 700keV Xe 
singly charged ion beam were conducted. 700keV is, unfortunately, the lower limit of the Van 
De Graff accelerator in MRL at University of Illinois. An even lower energy can be achieved. 
However, the stability of the beam would be extremely bad in return. Therefore, it was 
decided that the energy used for ex situ Xe ion beam irradiations should be kept at 700keV. 
Higher energy beam would actually give better beam current and stability. However, in an 
effort trying to make the in situ and ex situ experiments comparable (the higher limit of Xe 
beam energy for the in situ irradiations is 500keV), this energy was chosen. 
Figure D.19 (a) and (b) illustrate the Xe ion range and the profile of vacancies produced by 
the irradiation damage simulated with a Kinchin-Pease model by SRIM2009. One thing that 
should be noted is the big slope in the Xe ion range profile. This shows that the Xe 
distribution within the thickness of the prepared planar view specimen is quite non-uniform. 
Variations in the Xe bubble size, especially at the higher doses (4 J 108VGEW/BF  and 
1 J 10]VGEW/BF for example), could then be expected to be pretty big. This will be taken 
into account when the results of size measurements are provided and discussed later. 
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                                      (a)                                                                        (b) 
Figure D.19 (a) 500keV Xe ion range and (b) vacancy range in 160nm 5% La doped CeO2 
thin film followed by STO substrate simulated by SRIM2009 
Figure D.20 (a) and (b) show respectively under focus and over focus TEM images of the 
planar view specimen that was ex situly irradiated with 700keV Xe at 600C to a dose level of 
5 J 10VGEW/BF . Some stronger diffraction can be seen on these images. In the 
measurements of density and size of the bubbles, these stronger diffraction areas were 
avoided in order to have relatively high level of accuracies from the statistical survey point of 
view. 
 
                                      (a)                                                                        (b) 
Figure D.20. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused image of thicker region 
Figures D.21 (a), (b), and (c) show EDS analyses on the same specimen. The main Xe signals 
(around 3.5keV and 4keV) can be seen in the thicker regions of the specimen. Figure D.21 (c) 
illustrates the main Xe signals in a zoomed-in window. The same philosophy of analysis 
applied earlier with the Kr irradiation scenarios would also apply here to explain why Xe 
20        nm 20        nm 
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signals only get picked up when the specimen is relatively thick. In this case of 700keV Xe 
implantation, Xe signals were identified by the automatic analysis software in thinner regions 
compared to the earlier case of Kr irradiations. This makes sense as the concentration of Xe 
inside the thin part of the specimen is much higher compared to that of Kr in earlier cases. 
 
                                      (a)                                                                        (b) 
 
                                      (c) 
Figure D.21. EDS analysis on specimen after ex situ 700keV Xe irradiation at 600C carried 
out on 5% La doped CeO2 plan view specimen to a dose of 5 J 10VGEW/BF - (a) near 
edge thin region, (b) thicker region with big fraction of CeLaO film and small fraction of STO 
substrate and (c) thicker region with bigger fraction of STO substrate, the lower window 
shows a zoomed in view of the major Xe peak (around 3.5keV and 4keV, Xe signal gets 
picked up by the EDS elemental analysis software) 
237 
 
 
                                      (a)                                                                        (b) 
Figure D.22. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – under focus shot (128nm under focus) of 
thin region 
Figure D.22 (a) and (b) show respectively under focus and over focus TEM images of thin 
region of the plan view specimen that was ex situly irradiated with 700keV Xe at 600C to a 
dose level of 1 J 108VGEW/BF. The sample was tilted to find a weak diffraction condition 
to minimize the diffraction contrast so that the void/bubble features can be well identified. On 
the edge of the specimen, similar sputtering effect (which was seen in the Kr irradiated 
specimens) can hardly be seen here. This is actually due to the fact that the specimen is 
thicker in this particular case. The estimate of thickness for the region near the edge of the 
hole gave a thickness of about 100nm. Therefore, in this specific specimen, Xe bubble density 
and sizes were measured closer to the edge of the hole to make sure that the thickness of the 
region of measurements is not too different compared to other specimens.   
 
                                      (a)                                                                        (b) 
Figure D.23. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused image of thicker region 
20  nm 20  nm 
20 nm 20 nm 
20 nm 20 nm 
238 
 
Figure D.23 (a) and (b) show respectively under focus and over focus TEM images of the 
thicker region of the plan view specimen that was ex situly irradiated with 700keV Xe at 
600C to a dose level of 1 J 108VGEW/BF . Compared to figure D.22, the sizes of the 
void/bubble features are bigger and the number density higher. This shows the fact that there 
are more bubble features in the volume of the thicker regions simply due to the inclusion of 
larger volumes when the region of view is moved to thicker regions.   
Figure D.24 (a), (b), (c) and (d) illustrate more clearly an increase followed by a decrease of 
Xe signals when the probe beam was moved towards thicker regions in the specimen. The 
increase of specimen thickness is reflected by the comparative increase in the height of the Ti 
peak at around 4.5keV and comparative decrease in the height of the Ce peak at around 
5.3keV. Again, the difference in the full scale has to be noticed in order to tell the difference 
between the heights of the peaks.   
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                                      (a)                                                                        (b) 
 
                                      (c)                                                                        (d) 
Figure D.24. EDS analysis on specimen after ex situ 700keV Xe irradiation at 600C carried 
out on 5% La doped CeO2 plan view specimen to a dose of 1 J 108VGEW/BF - (a) thin 
region with only CeLaO film, (b) thicker region with both CeLaO thin film and the STO 
substrate, (c) thicker region with small fraction of CeLaO thin film and big fraction of the 
STO substrate, only zoomed-in view of the major Xe peak (marked in red) is shown (around 
3.5keV and 4keV) and (d) much thicker region with very small fraction of CeLaO thin film 
and big fraction of the STO substrate, only zoomed-in view of the major Xe peak (marked in 
red) is shown (around 3.5keV and 4keV) 
Figure D.25 (a) and (b) show respectively under focus and over focus TEM images of the 
planar view specimen that was ex situly irradiated with 700keV Xe at 600C to a dose level of 
1J 108VGEW/BF . Some crack structures can be seen in these images. These cracks are 
believed to be introduced to the material under ion beam irradiation.  
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                                      (a)                                                                        (b) 
Figure D.25. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 4J 108VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused image of thicker region 
Figure D.26 (a), (b), (c) and (d) also illustrate an increase followed by a decrease of Xe 
signals when the probe beam was moved towards thicker regions in the specimen. The 
increase of specimen thickness is reflected by the comparative increase in the height of the Ti 
peak at around 4.5keV and comparative decrease in the height of the Ce peak at around 
5.3keV.  
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                                      (a)                                                                        (b) 
 
                                      (c)                                                                        (d) 
Figure D.26. EDS analysis on specimen after ex situ 700keV Xe irradiation at 600C carried 
out on 5% La doped CeO2 plan view specimen to a dose of 1 J 108VGEW/BF - (a) near 
edge thin region, lower zoomed-in window shows the position of Xe peaks (the Xe label was 
manually added to guide the eyes, not to be confused as actual signals), (b) thicker region 
with only CeLaO film, (c) thicker region with both CeLaO thin film and the STO substrate, 
only a zoomed-in view of the major Xe peak (marked in red) is shown (around 3.5keV and 
4keV) and (d) thicker region with small fraction of CeLaO thin film and big fraction of the 
STO substrate, only a zoomed-in view of the major Xe peak (marked in red) is shown (around 
3.5keV and 4keV) 
Scanning Transmission Electron Microscopy (STEM), as a more advanced technology, 
provides very powerful capabilities for the purpose of quantitatively measuring void/bubble 
sizes and density. Under the normal STEM operation mode, the images reflect a contrast that 
is called z-contrast. This makes it possible to easily identify the void/bubble features as both 
Kr and Xe are lower z elements compared to the major lattice element, Ce or La. Oxygen 
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identification, on the other hand, is still a big challenge in the field as it is too light. The 
principles of STEM imaging and the complications with oxygen determinations will not be 
discussed here for the conciseness of this dissertation. The unique advantage of using STEM 
z-contrast technique is that it gives clearer reflections on the realistic edge of the void/bubble 
structures. As discussed earlier, the measurements done in the TEM mode by measuring the 
Fresnel contrast of the void/bubble structures in fact provide information on the Fresnel 
contrast only. The Fresnel contrast is believed to be more on the inside of the realistic 
void/bubble structures. Therefore, such measurements are not most accurately reflecting the 
true size of the structures. To this end, STEM z-contrast images were taken for the same 
specimens, irradiated with 700keV Xe at 600C on 5% La doped CeO2, that were analyzed 
with traditional TEM under/over focusing techniques. However, due to very limited available 
time on the Joel 2200FS STEM instrument and that the instrument was down for a long time 
during the course this dissertation work was conducted, STEM experiments were only taken 
on 700keV Xe irradiation on 5% La doped CeO2 specimens. The comparisons were then 
made to the measurement results on the same specimens with the traditional under/over 
focusing techniques. Surprisingly, the differences between the two measurements were quite 
small (consistently within 8% with the STEM results slightly bigger). Therefore, the 
quantitative analyses carried out later in this chapter were still based on the traditional 
under/over focusing techniques to make sure all results can be compared on a reasonable 
basis. 
The following figures D.27 (a) and (b), D.28 (a) and (b) and D.29 (a) and (b) are shown 
mainly to demonstrate the capabilities of STEM z-contrast techniques and provide the results 
for the sake of completeness of this work. 
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                                      (a)                                                                        (b) 
Figure D.27. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – (a) and (b): STEM (Scanning Transmission 
Electron Microscopy) mode z-contrast images 
 
                                      (a)                                                                        (b) 
Figure D.28. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – (a) and (b): STEM (Scanning Transmission 
Electron Microscopy) mode z-contrast images 
10   nm 10   nm 
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                                      (a)                                                                        (b) 
Figure D.29. Ex situ 700keV Xe irradiation at 600C carried out on 5% La doped CeO2 plan 
view specimen to a dose of 4 J 108VGEW/BF – (a) and (b): STEM (Scanning Transmission 
Electron Microscopy) mode z-contrast images 
Another interesting point to raise here is that, one other strength of STEM technique is the 
high resolution lattice imaging. For example, figure D.28 (b) provides such an illustration of a 
lattice image. However, a good set up to obtain a lattice image may not be the ideal set up for 
sake of void/bubble measurements. This is due to the fact that lattice fringes, when the set up 
for lattice imaging is nearly perfect, show rather strong contrast and therefore interfere with 
the measurements of void/bubble sizes. A STEM z-contrast image without a perfect zone axis 
alignment is therefore thought to be better for obtaining void/bubble sizes. 
Irradiations conducted on 25% La doped CeO2 specimens were also subject to the similar 
measurements in order to reveal the impurity effect of Lanthanum on void/bubble formation 
and growth.  
Figure D.30 (a), (b) and figure D.31 (a), (b) and (c) show respectively under focus and over 
focus TEM images and EDS spectra for 25% La doped specimen irradiated with 1MeV Kr 
ion beam at 600C to a dose level of 5 J 10VGEW/BF. Some features with circular shapes 
or irregular shapes can be identified in images of figure D.30 (a) and (b). These features are 
believed to be surface re-deposition of what was sputtered off the STO substrate when the 
specimen was subject to shallow angle Ar ion beam during the ion milling process. In fact, 
there were almost always Sr signals found in the EDS spectra in the thin regions of the planar 
view specimens, where no overlapping of STO substrate and CeLaO thin film was found. 
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This indicates that Sr could have been sputtered off the substrate in the process of the ion 
milling and get re-deposited on the surface of the CeLaO thin film part of the specimen.  
 
                                      (a)                                                                        (b) 
Figure D.30. Ex situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused images of thicker region 
In the EDS spectra provided in figure D.31, signals of Lanthanum could be easily identified in 
figure D.31 (a). This provides assuring evidence that the content of La in these 25% La doped 
specimens is much higher than that in the 5% La doped specimens. As the specimens were 
grown on one batch and the growth technique is believed to be well homogenizing the La 
distribution, no further confirmation of higher Lanthanum content was demonstrated for other 
25% La doped specimens in this dissertation. 
Kr signal can be seen very weak in the thicker regions of the specimen as expected. 
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                                      (a)                                                                        (b) 
 
                                      (c) 
Figure D.31. EDS analysis on specimen after ex situ 1MeV Kr irradiation at 600C carried out 
on 25% La doped CeO2 plan view specimen to a dose of 5 J 10VGEW/BF - (a) near edge 
thin region, no Kr signal can be detected (b) thicker region with both CeLaO thin film and the 
STO substrate, only a zoomed-in view of the major Kr peak (marked in red) is shown, no Kr 
signal detected by the elemental analysis software, Kr labels were manually added to guide 
the eyes (around 3.5keV and 4keV) and (c) much thicker region with small fraction of CeLaO 
thin film and big fraction of the STO substrate, a zoomed-in view of the major Kr peak 
(marked in red) is shown, Kr was actually detected by the elemental analysis software (around 
3.5keV and 4keV) 
Figure D.32 (a), (b) and figure D.33 (a), (b) and (c) show respectively under focus and over 
focus TEM images and EDS spectra for 25% La doped specimen irradiated with 1MeV Kr 
ion beam at 600C to a dose level of 2 J 108VGEW/BF. The same evolution of Kr signal in 
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the EDS spectra compared to the 5% La doped CeO2 can be seen in this specimen. 
Qualitatively, Kr signal becomes stronger compared to the earlier lower dose case due to 
more Kr deposition is deposited into the STO substrate. 
 
                                      (a)                                                                        (b) 
Figure D.32. Ex situ 1MeV Kr irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 2 J 108VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused images of thicker region 
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                                      (a)                                                                        (b) 
 
                                      (c) 
Figure D.33. EDS analysis on specimen after ex situ 1MeV Kr irradiation at 600C carried out 
on 25% La doped CeO2 plan view specimen to a dose of 2 J 108VGEW/BF - zoomed in 
views: (a) near edge thin region, no Kr signal detected by the elemental analysis software, Kr 
labels were manually added to guide the eyes (around 3.5keV and 4keV) (b) thicker region 
with both CeLaO film and the STO substrate, Kr signal was detected by the elemental 
analysis software, (c) much thicker region with small fraction of CeLaO thin film and big 
fraction of the STO substrate, only a zoomed-in view of the major Kr peak (marked in red) is 
shown, no Kr signal detected by the elemental analysis software, Kr labels were manually 
added to guide the eyes (around 3.5keV and 4keV) 
Figure D.34 (a), (b) and figure D.35 (a), (b) and (c) show respectively under focus and over 
focus TEM images and EDS spectra for 25% La doped specimen irradiated with 700keV Xe 
ion beam at 600C to a dose level of 5 J 10VGEW/BF. Similar evolution of Xe signal in the 
EDS spectra compared to the 5% La doped CeO2 can be seen in this specimen as well. The La 
peak cannot be seen as sharply when Ti signal comes in at the energy of about 4.5keV very 
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close by to the main La peak of about 4.65keV. However, the height of La peak does not 
change much as dose level is raised suggesting no significant loss of La due to sputtering in 
the material lattice. 
 
                                      (a)                                                                        (b) 
Figure D.34. Ex situ 700keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 5 J 10VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused images of thicker region 
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                                      (a)                                                                        (b) 
 
                                      (c) 
Figure D.35. EDS analysis on specimen after ex situ 700keV Xe irradiation at 600C carried 
out on 25% La doped CeO2 plan view specimen to a dose of 5 J 10VGEW/BF - only 
zoomed-in views of the major Xe peak (marked in red) are shown (around 3.5keV and 4keV): 
(a) thin region (not the near edge thinnest region) with both CeLaO film and the STO 
substrate, (b) thicker region with small fraction of CeLaO thin film and big fraction of the 
STO substrate and (c) much thicker region with very small fraction of CeLaO thin film and 
big fraction of the STO substrate, Xe signal can no longer be detected by the elemental 
analysis software 
Figure D.36 (a), (b) and figure D.37 (a), and (b) show respectively under focus and over focus 
TEM images and EDS spectra for 25% La doped specimen irradiated with 700keV Xe ion 
beam at 600C to a dose level of 1 J 108VGEW/BF.  
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                                      (a)                                                                        (b) 
Figure D.36. Ex situ 700keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 1 J 108VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused images of thicker region 
  
                                      (a)                                                                        (b) 
Figure D.37. EDS analysis on specimen after ex situ 700keV Xe irradiation at 600C carried 
out on 25% La doped CeO2 plan view specimen to a dose of 1 J 108VGEW/BF - only 
zoomed-in views of the major Xe peak (marked in red) are shown (around 3.5keV and 4keV): 
(a) thin region with only CeLaO film, Xe signal was not detected by the elemental analysis 
software (b) thicker region with small fraction of CeLaO thin film and big fraction of the STO 
substrate, Xe signal was detected by the elemental analysis software 
Figure D.38 (a), (b) show under focus and over focus TEM images and EDS spectra for 25% 
La doped specimen irradiated with 700keV Xe ion beam at 600C to a dose level of 4 J
108VGEW/BF.  
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                                      (a)                                                                        (b) 
Figure D.38. Ex situ 700keV Xe irradiation at 600C carried out on 25% La doped CeO2 plan 
view specimen to a dose of 4 J 108VGEW/BF – (a) under focused (128nm under focus) and 
(b) over focused images of thicker region 
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Appendix E: In situ Annealing Experiment on 5% La Doped CeO2 
In situ annealing experiments are done to provide confidence to the fact that the 
disappearance of dislocation loop structures are not simply due to thermal annealing on the 
ion milling induced defect clusters. 
Figure E.1 to figure E.8 show the drak field images taken with g vector of 220 at different 
stage of the in situ annealing experiment at 600C. It has to be realized that the diffraction 
condition changed constantly due to slight bending. Therefore, the number density of the 
dislocation loops formed after heating may not reflect the realistic number density due to 
possible loss of identification of features by the diffraction conditions (the bright dots). 
Quantitative measurements were only done at the beginning of the in situ heating experiment 
and the end of the experiment to derive a total loss (or increment) on the number density of 
the dislocation loops. Five boxes with the dimension of 220nmJ220nm were drawn on the 
image. The number of defect clusters or loops is then counted inside those boxes.  
 
Figure E.1. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – before the annealing starts 
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Figure E.2. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 5 minutes after the annealing starts 
 
Figure E.3. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 10 minutes after the annealing starts 
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Figure E.4. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 28 minutes after the annealing starts 
 
Figure E.5. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 63 minutes after the annealing starts 
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Figure E.6. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 92 minutes after the annealing starts 
 
Figure E.7. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 320 minutes after the annealing starts 
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Figure E.8. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – after the annealing stopped 
Qualitatively, the number density doesn’t seem to change much over time. However, this 
judgment has to be confirmed by quantitative measurements. From the results of the 
quantitative measurements, the initial number density of the defect clusters (before annealing) 
was determined to be 3.3 J 10 c 0.46 J 10  whereas the end number density of the 
defect clusters was 2.9 J 10 c 0.51 J 10. The decrease on the mean value is about 12%. 
This is over five hours period, which is more than the length of most of the in situ 
experiments.  
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Appendix F: In situ Annealing Experiment on 25% La Doped CeO2  
It is more interesting to do the same annealing experiment for 25% La doped CeO2 as the 
different defect chemistry may induce quite different results from the annealing experiment.  
Figure F.1 to figure F.5 show the drak field images taken with g vector of 220 at different 
stage of the in situ annealing experiment at 600C on 25% La doped CeO2. It has to be pointed 
out that the diffraction condition changed more dramatically due to severe bending in this 
specimen when heated up. Therefore, the number density of the dislocation loops formed after 
heating may not reflect the realistic number density due to possible loss of identification of 
features by the diffraction conditions (the bright dots). Quantitative measurements were only 
done at the beginning of the in situ heating experiment and the end of the experiment to 
derive a total loss (or increment) on the number density of the dislocation loops. Five boxes 
with the dimension of 220nmJ220nm were drawn on the image. The number of defect 
clusters or loops is then counted inside those boxes.  
From the results of the quantitative measurements, the initial number density of the defect 
clusters (before annealing) was determined to be 2.0 J 10 c 0.27 J 10 whereas the end 
number density of the defect clusters was 1.6 J 10 c 0.23 J 10. The decrease on the 
mean value is about 20%. This is over 50 minutes time period, which is about the length of 
most of the in situ experiments done on this material. The decrease can be seen bigger than 
that in the 5% La doped CeO2 specimen. This in fact provides reassuring evidence for the 
argument made that the dislocation loops are of interstitial type. As the initial vacancy 
concentration is much higher in these 25% La doped specimens, the recombination is 
expected to happen at a faster rate provided the same thermal environment.  
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Figure F.1. Dark field TEM image of a planar view specimen of 25% La doped CeO2 in an 
annealing experiment at 600C – before the annealing starts 
 
Figure F.2. Dark field TEM image of a planar view specimen of 25% La doped CeO2 in an 
annealing experiment at 600C – 15 minutes after the annealing starts 
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Figure F.3. Dark field TEM image of a planar view specimen of 25% La doped CeO2 in an 
annealing experiment at 600C – 30 minutes after the annealing starts 
 
Figure F.4. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – 50 minutes after the annealing starts 
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Figure F.5. Dark field TEM image of a planar view specimen of 5% La doped CeO2 in an 
annealing experiment at 600C – after the annealing is stopped 
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